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v

 We medical and biological scientists want to know the real in vivo morphology and also the 
immunolocalizations of all molecular components in functioning cells and tissues of living 
animal organs; we need the “living animal morphology,” not the dead (nor conventionally 
prepared with fi xatives) animal one. Recently, the live imaging of cells and tissues of animals 
with fl uorescence-labeled proteins by gene manipulation has become increasingly popular in 
biological fi elds. For those reasons, we should now examine the histological or immunohisto-
chemical tissue sections of living animal organs which must be exactly compatible with their 
live imaging, usually clarifi ed by recently developed digital imaging techniques. 

 In our opinion, the already developed immunohistochemical or morphological research per-
formed by in vivo cryotechnique (IVCT) depends exclusively on functioning cells and tissues 
of living animal organs, so it is now necessary to publish a new, innovative book, reviewing 
especially the real morphofunctional fi ndings in vivo of cells and tissues of living animal 
organs. However, until now there has been no such book about living animal morphology on 
permanent tissue section preparations corresponding to the digital live imaging of fl uorescence- 
labeled soluble or structural molecules. 

 In the past few decades, we have developed an original IVCT to capture the dynamically 
changing morphology and immunolocalizations of signal molecules and receptors of cells and 
tissues in addition to detecting soluble probes of living animal organs, reported in more than 
60 biomedical papers in the last 20 years. Therefore, the publication of such an innovative 
review focusing on our research fi eld is both signifi cant and timely. 

 We hope that this volume will provide many readers with a good opportunity to learn about 
IVCT, including cryobiopsy, for their future studies. Finally, we are grateful to all the authors 
who have contributed to this publication.  

    Yamanashi ,  Japan      Shinichi     Ohno     
 Yamanashi ,  Japan     Nobuhiko     Ohno   
   Nagano ,  Japan      Nobuo     Terada       
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      Introduction       

     Shinichi     Ohno    

    Abstract  

  Morphological studies with light or electron microscopy and scanning probe microscopy 
have been major approaches to understand physiological and pathological features of living 
animal organs. Although other rapid progresses of research techniques in molecular or 
genetic biology have been realized to establish new molecular or biological fi elds, morpho-
logical techniques are still necessary for more precise understanding of living animal 
organs. For routine morphological analyses, both chemical fi xation and alcohol dehydration 
have been commonly used to keep cells and tissues, but they always bring about many mor-
phological artifacts, including tissue shrinkage and extraction of components. To the con-
trary, both quick-freezing and high-pressure freezing methods of resected fresh tissues have 
been also contributed to reduction of such morphological artifacts, but they have to be 
resected from living animal organs with blood supply. The in vivo cryotechnique (IVCT) 
has been found to be extremely useful to arrest transient physiological processes of cells 
and tissues and also to maintain their intra- and extracellular components in situ. The IVCT 
has already allowed us to perform novel morphological investigations of cells and tissues in 
living animal organs and will further contribute to new medical and biological fi elds with 
“living animal morphology.”  

  Keywords  

  Microscopy   •   Conventional fi xation   •   Quick-freezing   •   In vivo  cryotechnique     •   Soluble 
components  

        S.   Ohno      (*) 
  Department of Anatomy and Molecular Histology, 
Interdisciplinary Graduate School of Medicine and Engineering , 
 University of Yamanashi ,   1110 Shimokato ,  Chuo City , 
 Yamanashi   409-3898 ,  Japan   
 e-mail: sohno@yamanashi.ac.jp  

 1

     The morphological study with light or  electron microscopy   
in addition to scanning probe  microscopy   has been one of the 
major approaches to understand physiological and patholog-
ical features of  living animal organ   s   in medical and biologi-
cal fi elds. Especially, the conventional electron microscopy, 
developed in the last half of the twentieth century, greatly 
facilitated the enormous progress of ultrastructural analyses 
of cells and tissues, which has been now indispensable in 

morphological fi eld with many applications. Although other 
rapid progresses of research techniques in molecular or 
genetic biology have been realized to establish new molecu-
lar or biological fi elds in the past few decades, various mor-
phological techniques are still necessary for more precise 
understanding of cells and tissues in living animal organs. In 
such approach cases, their obtained structures should always 
refl ect some functional aspects of the living animal organs. 

 For the routine  morphological analyses  , both  chemical 
fi xation   and  alcohol dehydration   have been commonly used 
as easy preparation procedures to keep cells and tissues, but 
they always bring about many morphological  artifacts  , 
including tissue  shrinkage   and extraction of components, of 
dynamically changing organs in vivo (Fig.  1.1a, b ) [ 1 – 3 ]. To 
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the contrary, both conventional  quick-freezing   and high- 
pressure freezing methods of resected fresh organ tissues, by 
which they are quickly frozen for physical fi xation, can be 
also contributed to reduction of such morphological artifacts 
(Fig.  1.1c, d ) [ 4 ,  5 ], but they have to be resected from  living 
animal organ   s   with  blood   supply for the freezing. Therefore, 
those animal specimens are inevitably exposed to stresses of 
 ischemia   and  anoxia  , exhibiting only dead morphological 
states of animal organ tissues without normal  blood circula-
tion  . For the past years, the original “ in vivo cryotechnique  ” 
was also developed to demonstrate new dynamically chang-
ing morphology and immunolocalizations of functional pro-
teins in cells and tissues at light or electron microscopic 
levels (Fig.  1.1f ) and clarify morphofunctional signifi cance 
of cells and tissues in living animal organs [ 6 – 8 ], as described 
in the next paragraph.

   As everyone knows, the fi nal goal of morphological and 
immunohistochemical studies in our biological or medical 
fi elds is that all fi ndings examined in animal experiments 
should refl ect the physiologically functional background. 
Therefore, the preservation of all original components in tar-
geted cells and tissues of animals is necessary for describing 
the  functional morphology   of  living animal organ   s  . It has 
been generally accepted that morphological fi ndings of vari-
ous animal organs were easily modifi ed by stopping their 
 blood   supply, because of  ischemia   or  anoxia  . There had been 

a need to develop a new preparation technique for freezing 
the living animal organs in vivo and then obtaining their 
acceptable morphology and also immunolocalizations of 
original  soluble component   s   in functioning cells and tissues. 
We have already developed the “ in vivo cryotechnique  ” 
(IVCT) not only for their morphology, but also for  immuno-
histochemistry   of many soluble components in various living 
animal organs [ 6 – 9 ]. All physiological processes of them 
were immediately immobilized in the vitreous ice by IVCT, 
and every component in the cells and tissues was maintained 
in situ at the time of freezing. Thus, the ischemic or  anoxic   
artifi cial effects on them could be minimized by the newly 
developed IVCT. Our specially designed  liquid cryogen    sys-
tem   with or without a  cryoknife   has totally solved the mor-
phological and immunohistochemical problems which are 
inevitable by the conventional preparation methods at a light 
or electron microscopic level [ 6 ,  8 ]. The IVCT has been 
found to be extremely useful to arrest transient physiological 
processes of cells and tissues and also to maintain their intra- 
and extracellular components in situ, such as rapidly chang-
ing signal molecules, membrane channels, and receptors, as 
described before [ 8 ,  9 ]. 

 As described above, the IVCT has already allowed us to 
perform novel morphological investigations of cells and tis-
sues in  living animal organ   s   and will further contribute to 
new medical and biological fi elds with “ living animal mor-

  Fig. 1.1    A fl owchart of various preparation steps for light  microscopy   
( LM ), fl uorescence microscopy ( FM ), transmission  electron micros-
copy   ( TEM ), and scanning electron microscopy ( SEM ). The  perfusion  - 
( a ) or immersion- ( b ) fi xation and  dehydration   steps, the  quick-freezing   
( c ) and high-pressure freezing ( d ) methods, and the “ in vivo cryotech-
nique  ” ( f ) are described with connection with their following prepara-

tion steps. Note that all preparation steps, following the quick-freezing 
and high-pressure freezing methods, are also available after the “in vivo 
 cryotechnique  ” ( f ). To apply the “in vivo cryotechnique” to human 
organs, a new cryotechnique of biopsy, termed as “ cryobiopsy  ” ( g ), 
would be necessary, as described in the new cryobiopsy chapter       
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phology  ” during the present twenty-fi rst century. Therefore, 
the purpose of the present review book is to describe the 
basic mechanism of cryotechniques and signifi cant cryotech-
nical meanings of IVCT and additionally review new mor-
phological and immunohistochemical fi ndings in addition to 
fl uorescence-labeled probes in the biological and medical 
fi elds. Then, some previous reviews or original papers are 
also cited in the references, considering the signifi cance of 
IVCT in this book.    

   References 

    1.    Furukawa T, Ohno S, Oguchi H, Hora K, Tokunaga S, Furuta S 
(1991) Morphometric study of glomerular slit diaphragms fi xed by 
rapid-freezing and freeze-substitution. Kidney Int 40:621–624  

   2.    Yoshimura A, Ohno S, Nakano K, Oniki H, Inui K, Ideura T, 
Koshikawa S (1991) Three-dimensional ultrastructure of anionic sites 
of the glomerular basement membrane by a quick-freezing and deep-
etching method using a cationic tracer. Histochemistry 96:107–113  

    3.    Ohno S, Hora K, Furukawa T, Oguchi H (1992) Ultrastructural 
study of the glomerular slit diaphragm in fresh unfi xed kidneys by 
a quick-freezing method. Virchows Arch B Cell Pathol 
61:351–358  

    4.    Yu Y, Leng CG, Kato Y, Ohno S (1997) Ultrastructural study of 
glomerular capillary loops at different perfusion pressures as 
revealed by quick-freezing, freeze-substitution and conventional 
fi xation methods. Nephron 76:452–459  

    5.    Yu Y, Leng CG, Kato Y, Terada N, Fujii Y, Ohno S (1998) 
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      6.    Ohno S, Terada N, Fujii Y, Ueda H, Takayama I (1996) Dynamic 
structure of glomerular capillary loop as revealed by an in vivo 
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   7.    Ohno S, Baba T, Terada N, Fujii Y, Ueda H (1996) Cell biology of 
kidney glomerulus. Int Rev Cytol 166:181–230  

      8.    Ohno N, Terada N, Fujii Y, Baba T, Ohno S (2004) “In vivo cryo-
technique” for paradigm shift to “living morphology” of animal 
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      Biomedical Significance 
and Development of “IVCT”       

     Shinichi     Ohno    

    Abstract  

  Preparation procedures after resection of animal tissues are commonly a series of chemical 
fi xation, alcohol dehydration, paraffi n or epoxy resin embedding, thick or thin sectioning, 
and dye or metal staining steps. During such preparation steps, various kinds of inevitable 
artifacts always modify their original morphology. Some problems are both molecular 
movement and structural changes of cells and tissues during the fi xation time. Another 
problem is that dynamic morphological images in vivo are diffi cult to be captured by the 
conventional chemical fi xation. Then, a strong effort of morphologists has been made to 
avoid such technical artifacts during the conventional preparation steps. The quick-freezing 
(QF) method was introduced for biological specimens at the middle of the twentieth cen-
tury. For the fi nal morphological purpose, various preparation procedures can be chosen 
after the quick-freezing. One of them is freeze-substitution (FS) fi xation, in which the fro-
zen specimens are usually incubated in cooled organic solvents containing chemical fi xatives 
at about −80 °C. However, the freeze-substituted specimens are known to be affected to some 
extent by the organic solvents. Another deep-etching (DE) replication method has been 
developed, in which replica membranes of freeze-fractured and deeply etched tissues are 
obtained by rotary-shadowing with platinum metal at lower temperatures below −100 °C 
under high vacuum conditions. However, some pieces of tissues have to be always resected 
and taken out from living animal organs. Thus, the dynamically changing morphology of 
living animal organs is hardly investigated by the conventional QF method. To overcome 
these technical problems, it is necessary to avoid the tissue resection step of living animal 
organs and directly freeze them in vivo under normal blood circulation. The IVCT was an 
original technique to directly cryofi x living animal organs without separating their tissues 
from blood circulation. The most signifi cant point of IVCT is that normal blood circulation 
into living animal organs is strictly preserved at the exact moment of freezing.  

  Keywords  
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2.1         Inevitable Problems 
with Conventional Preparation 
Techniques 

 In most morphological studies of  living animal organ   s  , sev-
eral preparation procedures after the resection of their tissues 
are commonly a series of  chemical fi xation  ,  alcohol dehydra-
tion  ,  paraffi n   or epoxy resin embedding, thick or thin sec-
tioning, and dye or metal staining steps, followed by fi nal 
observation with a light or electron microscope (Fig.   1.1a, 
b    ). During such preparation steps, various kinds of inevitable 
 technical artifact   s   always modify their original morphology, 
especially owing to the conventional fi xation and  dehydra-
tion   steps [ 1 – 6 ]. The fi rst routine fi xation is usually per-
formed with common  chemical fi xative   s  , such as 
 paraformaldehyde  ,  glutaraldehyde  , and  osmium tetroxide   
for light or  electron microscopy  . However, some technical 
problems have already been pointed out about the fi rst chem-
ical fi xation step [ 4 ]. One of the problems is both molecular 
movement and structural changes of cells and tissues easily 
happening during the fi xation time. For example, small or 
large  soluble component   s  , such as proteins, lipids, and car-
bohydrates, are easily translocated in the cells and tissues 
before the  cross-linking   effect of chemical fi xatives. Another 
problem is that dynamic morphological images in vivo of 
cells and tissues, such as muscle contraction and  blood   fl ow  , 
are diffi cult to be captured by the conventional chemical 
fi xation [ 4 ], because some of time intervals are always nec-
essary to complete the  molecular cross-linking   with the 
chemical fi xatives. 

 There are also other technical problems during the fol-
lowing preparation steps, such as  alcohol dehydration   and 
routinely embedding in  paraffi n   wax or epoxy resin at high 
temperatures. It has been well known that the common alco-
hol  dehydration   easily causes  shrinkage   of resected tissue 
blocks. In the case of fi nal embedding in epoxy resin for 
 electron microscopy  , the common polymerization step usu-
ally needs heating up at 35°, 45°, and 60 °C for 12 h each, 
which might cause additional heat effects on dehydrated bio-
logical specimens. Even during the routine observation in an 
electron microscope, ultrathin sections stained with uranium 
and lead metals have to be put into highly vacuumed cham-
bers and undergo the heating damage at more than 100 °C 
induced by accelerating electron beams. Although the con-
ventional preparation techniques had such several artifi cial 
problems about preservation of cells and tissues, many ultra-
structural studies have already yielded important  morpho-
functional fi nding   s   during the last twentieth century and also 
extremely contributed to academic achievement in biological 
and medical fi elds. To the contrary, a strong effort of mor-
phologists has been made to avoid such  technical artifact   s   
during the conventional preparation steps for electron or 
light  microscopy  . For that purpose, the  quick-freezing   method   

was introduced for biological specimens at the middle of the 
twentieth century and dramatically improved during the late 
twentieth century, resulting in development of high-pressure 
freezing especially at an electron microscopic level.  

2.2     Quick-Freezing (QF) Method 
for Resected Fresh Tissues 

 The QF method is one of the physical  cryofi xation   tech-
niques, by which resected biological specimens from animal 
organs are not chemically fi xed, but quickly embedded in 
 vitrifi ed ice crystal   s   as soon as possible (Fig.   1.1c    ). The term 
“vitrifi cation” usually means the ice formation without any 
visible  ice crystal   s   at an electron microscopic level, which 
could often destroy ultrastructures of cells and tissues at 
lower speeds of freezing. In the case of resected fresh animal 
tissues without cryoprotectants, their well-freezing condition 
has to be obtained either at very high cooling rate (usually 
more than 10 5 °C/s) or under very high pressures (a few thou-
sand times higher than atmospheric pressure). For the last 
few decades, various kinds of QF methods have been devel-
oped for that purpose. By the “slamming QF” method, 
resected fresh animal tissues are usually slammed onto cop-
per blocks cooled down in liquid helium (−269 °C) or liquid 
nitrogen (−196 °C). Another “plunging QF” method is to 
plunge them into  liquid cryogen  s, such as propane alone or 
 isopentane  –propane mixture (−193 °C) cooled in liquid 
nitrogen. The two QF methods fortunately prevent formation 
of detectable ice crystals in tissue areas less than 10 μm deep 
from the contacted tissue surface onto cooled copper metals 
or cryogens. To the contrary, another later developed high- 
pressure freezing is a little different method from the QF 
methods (Fig.   1.1d    ), because it is always performed under 
very high pressures to achieve the vitrifi cation in relatively 
broad tissue areas. 

 For the fi nal morphological purpose, various preparation 
procedures can be chosen after the  quick-freezing   (Fig.   1.1c    ) 
and also high-pressure freezing methods (Fig.   1.1d    ). One of 
them is  freeze-substitution   (FS)  fi xation   (Fig.   1.1e    ), in which 
the frozen specimens are usually incubated in cooled  organic 
solvent  s containing  chemical fi xative   s  , such as  osmium 
tetroxide  ,  glutaraldehyde  , and paraformaldehyde, at about 
−80 °C [ 7 – 9 ]. After the FS fi xation, they are commonly 
embedded in epoxy resin,  paraffi n   wax, or other hydrophilic 
materials for the next polymerization and sectioning steps 
(Fig.   1.1h    ). However, the freeze-substituted specimens are 
known to be affected to some extent by the organic solvents 
and such chemical fi xatives during the substitution time. To 
solve such an FS problem, another  deep-etching   (DE) repli-
cation method has been already developed, in which replica 
membranes of freeze-fractured and deeply etched tissues are 
obtained by rotary-shadowing with  platinum metal   and 
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 carbon at lower temperatures below −100 °C under high 
 vacuum   conditions (Fig.   1.1i    ). Therefore, the  QF-DE method   
is now considered to prevent the ultrastructural  artifacts   as 
induced by the organic solvents of the FS method. 

 As described above, one merit of the QF method is bet-
ter preservation of intra- or extracellular materials with 
fewer morphological  artifacts   [ 2 ,  3 ,  10 ,  11 ], which was 
often used for obtaining new ultrastructural fi ndings for the 
past few decades. However, no matter what kinds of cryo-
techniques are used for the physical  cryofi xation  , some 
pieces of tissues have to be always resected and taken out 
from  living animal organ   s   for the next freezing step. It is 
often pointed out that their morphology should be inevita-
bly changed during the preparation steps, because of  isch-
emia   and  anoxia  . Thus, the dynamically changing 
morphology of living animal organs, depending on various 
 blood   pressures, is hardly investigated by the conventional 
QF or high-pressure freezing method [ 12 ,  13 ]. Furthermore, 
immunohistochemical analyses of changing receptors, 
membrane channels or signal molecules, would be more 
diffi cult to perform in the specimens prepared by the con-
ventional cryotechniques. To overcome these technical 

problems, it is necessary to avoid the tissue resection step 
of living animal organs and directly freeze them in vivo 
under normal  blood circulation  . Although a few pioneering 
studies with cryotechniques were introduced for solving 
the technical problems of ischemia and anoxia, it was still 
diffi cult to establish a new  cryotechnique   until the develop-
ing time of IVCT, which could constantly yield satisfactory 
morphology in vivo of living animal organs.  

2.3     Development of In Vivo 
Cryotechnique (IVCT) 

 The newly developed IVCT at the years of 1994–1996 was 
an original technique to directly cryofi x  living animal organ   s   
without separating their tissues from  blood    circulation   (Fig. 
  1.1f    ) [ 12 ]. Briefl y, after exposing the living animal organs 
under anesthesia, it is quickly performed by cutting them 
with a  cryoknife   precooled in liquid nitrogen (−196 °C) and 
simultaneously pouring the  isopentane  –propane cryogen 
(−193 °C) over them, being followed with liquid nitrogen, 
under a newly developed “ in vivo cryoapparatu   s  ” (Fig.  2.1 ) 

  Fig. 2.1    Photographs 
of the newly developed 
“ in vivo 
cryoapparatu   s  .” ( a ) The 
main part of the 
apparatus set up on a 
table. ( b ) Another 
system operating the 
valves controlling  IP 
cryogen   or liquid 
nitrogen release is 
placed under the table. 
As a target organ is cut 
with the  cryoknife   ( vi ), 
the  isopentane  –propane 
( IP ) cryogen in tank 1 
is immediately poured 
through nozzle 1 onto 
it. Then liquid nitrogen 
(−196 °C) is poured 
through nozzle 2 from 
tank 2 ( ii ). The opening 
time of valves 1 and 2 
started by pushing the 
foot switch ( b ) is 
automatically regulated 
by the controller ( a ,  iii ) 
with the support of the 
air compressor ( b )       
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[ 13 ]. By combination of the cryoknife with the  liquid 
 cryogen  , good vitrifi cation of frozen tissues in vivo can be 
obtained within several micrometers deep from the cryocut 
tissue surface at an electron microscopic level [ 12 ]. 
Additionally, at a light microscopic level, the good tissue 
areas without detectable  ice crystal   s   are deeper than a few 
hundreds of micrometers from the cryocut tissue surface 
because the common spatial resolution of the light micro-
scope is much lower to detect tiny ice crystals of cells and 
tissues caused by slow freezing speeds [ 5 ,  6 ]. The most sig-
nifi cant point of IVCT is that normal blood circulation into 
living animal organs is strictly preserved at the exact moment 
of freezing. So it becomes possible to immediately cryofi x 
all cells and tissues of living animal organs with fewer  tech-
nical artifact   s   always caused by either  ischemia   or  anoxia  . 
Therefore, we can now examine extra- and intracellular 
structures and molecular distributions in the dynamic “liv-
ing” states of animals, which were hardly detected by other 
conventional cryotechniques.
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      How to Perform “IVCT”       

     Shinichi     Ohno    

    Abstract  

  The isopentane-propane (IP) cryogen (−193 °C) was manually poured over exposed animal 
organs by the original in vivo cryotechnique (IVCT), which were simultaneously cryocut 
with a precooled cryoknife in liquid nitrogen (−196 °C) with a group of three persons. The 
in vivo frozen animal organs were cracked off from the animal body in the liquid nitrogen 
and then plunged into the liquid nitrogen. To perform the IVCT more easily, the “in vivo 
cryoapparatus” has been commercially available all over the world. The IVCT was origi-
nally performed with a handmade “in vivo cryoapparatus.” The operation manual about the 
new “in vivo cryoapparatus” is briefl y described in this chapter. When the IVCT is used 
only for light microscopic observation, it can be more simply performed without any spe-
cial cryoapparatus. So the simple “in vivo” freezing method is performed only by pouring 
the IP cryogen (−193 °C) directly onto living animal organs. This simple cryoprocedure 
usually allows us to make an easy performance of IVCT at a light microscopic level. In the 
prepared such specimens, good morphological preservation is within less than a few hun-
dred micrometers away from the frozen tissue surface at a light microscopic level. The 
procedures to prepare the mixed isopentane-propane cryogen were described in this 
chapter.  
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3.1         Introduction 

 The IVCT has been performed with the already developed 
“ in vivo cryoapparatu   s  ” around the year 2000, which will be 
described in the next paragraph. As the original IVCT in 
1994–1996, the  isopentane  -propane (IP)  cryogen   (−193 °C) 
was manually poured over exposed animal organs, which 
were simultaneously cryocut with a precooled  cryoknife   in 
liquid nitrogen (−196 °C) with a group of three persons [ 1 ]. 

After pouring the  IP cryogen   for several seconds, addition-
ally followed by liquid nitrogen, the in vivo frozen animal 
organs were cracked off from the animal body in the liquid 
nitrogen and then plunged into the liquid nitrogen for pres-
ervation. Thereafter, some frozen target tissue pieces were 
taken out with a dental electric drill in the liquid nitrogen. 
However, a series of the preparation procedures were some-
times diffi cult for an operator alone to manually perform all 
the procedures by oneself and constantly obtain well-frozen 
tissue specimens. To perform the IVCT more easily, the “in 
vivo cryoapparatus” (EIKO Corporation, Hitachinaka, 
Ibaraki, Japan) has been commercially available all over the 
world [ 2 ,  3 ]. The operation manual about the “in vivo cryo-
apparatus” was described in detail in another paper [ 2 ]. 
After performing IVCT and then removing the frozen 
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 tissues from animal organs, various following preparation 
steps are usually chosen for each morphological analysis 
(Fig.   1.1e, i, j, m    ).  

3.2     Practical Procedures of In Vivo 
Cryoapparatus 

 The IVCT was originally performed with a handmade “ in 
vivo cryoapparatu   s  ” within a group of three persons, which 
was described before [ 1 ]. The operation manual about the 
new “in vivo cryoapparatus” is briefl y described in the next 
paragraph (Fig.   2.1    ).  Step 1 : Pour some amounts of liquid 
nitrogen into two reservoirs (Fig.   2.1a(i), (ii)    ) to be cooled 
down. After the cooling of the reservoirs starts, they should 
be continuously cooled with liquid nitrogen. If they are tem-
porarily warmed up, some water produced by melting of 
attached frost covers all parts of the valves. When the reser-
voirs are cooled down again below zero degree, the valves 
are completely frozen and immobilized.  Step 2 : Set timers of 
the controller (Fig.   2.1a(iii)    ) and press the foot switch (Fig. 
  2.1b    ) to check if the liquid nitrogen in the reservoirs cor-
rectly comes through the nozzles (Fig.   2.1a(iv), (v)    ). This 
trial is important to prevent machinery accidents.  Step 3 : 
Pour the  isopentane  -propane  cryogen   into the reservoir (Fig. 
  2.1a(i)    ). The cryogen is prepared beforehand by bubbling 
 propane gas   in  liquid isopentane   precooled in liquid nitrogen 
and always agitated with a magnet stirrer. The ratio of iso-
pentane to propane should be 1:2–1:3 to achieve the maximal 
cooling ability at about −193 °C [ 4 ].  Step 4 : Expose a target 
organ of living animals under anesthesia.  Step 5 : Set timers 
of the controller (Fig.   2.1a(iii)    ), and precool the  cryoknife   
(Fig.   2.1a(vi)    ) in liquid nitrogen pooled in another container. 
A piece of sponge is sometimes attached to the cryoknife, to 
absorb some amounts of liquid nitrogen and keep the 
cryoknife cooled during transferring over the exposed organ. 
 Step 6 : Bring the cooled cryoknife (Fig.   2.1a(vi)    ) onto the 
exposed target organ and press the foot switch (Fig.   2.1b    ). 
Immediately after pressing, cryocut the animal organ manu-
ally with the cryoknife, and then pour the  IP cryogen   through 
the nozzle (Fig.   2.1a(iv)    ), which was already initiated by 
pressing the foot switch and automatically regulated by the 
controller. In several seconds after pouring the IP cryogen, 
liquid nitrogen is also automatically poured onto the frozen 
organ through another nozzle (Fig.   2.1a(v)    ).  Step 7 : Put the 
frozen organ as a whole in liquid nitrogen and preserve it 
until removal.  Step 8 : Get target tissue parts from the frozen 
organ in the liquid nitrogen by a dental electric drill. After 
performing IVCT and then removing the frozen tissues, vari-
ous following preparation steps are chosen for each morpho-
logical analysis (Fig.   1.1e, i, j, m    ).  

3.3     IVCT for Light Microscopy 

 When the IVCT is used only for light microscopic observa-
tion, it can be more simply performed without any special 
cryoapparatus (Fig.  3.1 ) [ 5 ]. In such a case, the strictly freez-
ing level without any visible  ice crystal    formation   is not 
always necessary for morphological examination, because of 
lower spatial resolution by light  microscopy  . So the simple 
“in vivo” freezing method is performed only by pouring the 
 IP cryogen   (-193 °C) directly onto  living animal organ   s   
(Fig.  3.1 ) [ 5 ]. The pouring time for several seconds should 
be long enough to obtain well-frozen cells and tissues, 
because the cooling speed of the cryogen is much faster than 
liquid nitrogen alone. This simple cryoprocedure usually 
allows us to make an easy performance of IVCT at a light 
microscopic level. In the prepared such specimens, good 
morphological preservation is within less than a few hundred 
micrometers away from the frozen tissue surface at a light 
microscopic level. To analyze deeper areas of the frozen tis-
sues, living animal organs must be cut with a  cryoknife   pre-
cooled down in liquid nitrogen [ 1 ], as described above, 
instead of simply pouring the liquid IP cryogen.

3.4        How to Prepare the Mixed 
Isopentane-Propane Cryogen 

  Step 1 : Hang a 50-ml glass beaker containing a magnetic 
stirring bar in a Styrofoam box (Fig.  3.2a ).  Step 2 : Place the 
box on a magnetic stirrer and check that the stirring bar 
rotates in the beaker (Fig.  3.2b ).  Step 3 : Remove the beaker 
from the box and fi ll the box with an appropriate amount of 

  Fig. 3.1    Simple manual IVCT for light  microscopy   by pouring the 
 isopentane  -propane ( IP )  cryogen   over targeted organs of anesthetized 
animals       
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liquid nitrogen so that it will be submerged in liquid nitrogen 
when the beaker is placed back in the box (Fig.  3.2c ).  Step 4 : 
Pour 15 ml of  liquid isopentane   into the beaker at room tem-
perature. Hang the beaker in the box containing the liquid 
nitrogen and stir the  isopentane  . The initial extensive bub-
bling of the liquid nitrogen will decrease as the isopentane 
cools (Fig.  3.2c ).  Step 5 : When the peripheral part of the iso-
pentane cools almost to the temperature of the liquid nitro-
gen (−196 °C) and begins to solidify, immediately place the 

tip of the nozzle from the  propane gas   tank in the cooled 
isopentane (Fig.  3.2d ) and vigorously blow the propane gas 
into the cooled isopentane to liquefy the propane gas.  Step 6 : 
When the level of  isopentane-propane cryogen   in the beaker 
gradually increases, reaching a volume of about 45 ml 
(Fig.  3.2e, f ), a ratio of isopentane to propane with 1:2–1:3, 
immediately stop the propane gas fl ow.  Step 7 : Cover the 
Styrofoam box to minimize exposure of the prepared 
isopentane- propane cryogen to humid air.

  Fig. 3.2    Schematic drawings which show how to prepare the 
 isopentane  -propane ( IP )  cryogen   in a homemade plunge-freeze 
apparatus. ( a ) A Styrofoam box with slits to hold the ends of the steel 
wire wrapped around a 50-ml beaker with the box lid. The beaker 
contains a magnetic stirring bar. ( b ) The beaker wrapped with the steel 
wire is hung in the Styrofoam box, which is on a magnetic stirrer, so 
that the stirring bar can smoothly rotate in the beaker. ( c ) Liquid 
nitrogen (−196 °C) is poured into the box with the beaker containing 
about 15 ml of  liquid isopentane  , which is continuously stirred with the 

stirring bar. When the bottom side of the beaker becomes submerged in 
the liquid nitrogen, the liquid nitrogen immediately begins to bubble. 
The magnetic bar should be continuously stirring the liquid isopentane 
alone. ( d ) Propane gas is blown out of a nozzle ( arrow ) to be quickly 
liquefi ed. ( e ) The  propane gas   is continuously jetted out of the nozzle 
into the cooled isopentane where it quickly liquefi es, and the mixed  IP 
cryogen   level gradually elevates. ( f ) The amount of liquid IP cryogen is 
reaching to about 45 ml and the release of propane gas from the nozzle 
is fi nally stopped       
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    Abstract  

  The main purpose of in vivo cryotechnique (IVCT) is to make all biological components of 
cells and tissues of functioning organs promptly frozen in living animals. However, the 
necessary freezing times are always different at each depth from the frozen tissue surface, 
because thermal conductance of cooling within cells and tissues is due to the continuous 
movement of thermal energy. Therefore, only surface tissue layers within certain depths, 
such as about 10 or 200 μm, are frozen enough to prevent formation of visible ice crystals 
at electron or light microscopic levels, respectively. With the metal contact freezing method, 
they are slightly compressed on the cooled copper metal due to crash impact, even though 
some spacers and cushions are always inserted between specimens and the cooled metal 
block. To the contrary, with liquid cryogen, such as the isopentane-propane mixture pre-
cooled in liquid nitrogen, the frozen tissues can retain their original morphological states 
without mechanical compression damages. To examine deeper tissue areas from the frozen 
tissue surface, we always need to cryocut any functioning organs of living animals under 
anesthesia. When a cryoknife precooled in liquid nitrogen passes through the living animal 
organ, the exposed tissue surface in direct contact with the cryoknife is fi rst frozen in the 
same way as the metal contact method. Practically, at an electron microscopic level, well- 
frozen tissue areas appear to occupy a very narrow band, less than 10 μm deep from the 
contact tissue surface.  

  Keywords  

  Thermal conductance   •   Ice crystal   •   Liquid cryogen   •   Metal contact freezing  

4.1         Tissue Depth of Well-Frozen Areas 

 The main purpose of IVCT is to make all biological compo-
nents of cells and tissues of functioning organs promptly fro-
zen in living animals [ 1 ,  2 ]. However, the necessary freezing 
times are always different at each depth from the frozen tis-

sue surface, because  thermal conductance   of cooling within 
cells and tissues is due to the continuous movement of ther-
mal energy. Therefore, only surface tissue layers within cer-
tain depths, such as about 10 or 200 μm, are frozen enough 
to prevent formation of visible  ice crystal   s   at electron or light 
microscopic levels, respectively [ 1 ,  2 ]. The layered areas at 
the same depth from frozen tissue surface are supposed to be 
quickly frozen nearly at the same time. Therefore, by rou-
tinely cutting the epoxy resin or  paraffi n   blocks almost hori-
zontally to the frozen tissue surface on an ultramicrotome or 
a microtome, we can get similarly well-frozen tissue mor-
phology over wide areas of  living animal organ   s  .  
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4.2     Plunging or Slamming 
Cryotechniques 

 To obtain the wide surface areas of well-frozen tissues by the 
common  quick-freezing    method  s, considerable amounts of 
liquid nitrogen are usually necessary for plunging resected 
fresh tissues in the cryogen, or otherwise slamming them 
onto copper metal blocks precooled in liquid nitrogen. With 
the  metal contact freezing   method, they are slightly com-
pressed on the cooled copper metal due to crash impact [ 3 ], 
even though some spacers and cushions are always inserted 
between specimens and the cooled metal block. To the con-
trary, with  liquid cryogen  , such as the IP mixture precooled 
in liquid nitrogen [ 1 ,  4 ,  5 ], the frozen tissues can retain their 
original morphological states without mechanical compres-
sion damages. This concept for usage of liquid cryogen was 
already reconfi rmed in the experimental system by jetting 
human  blood   samples into the liquid cryogen, referred to as 
“in vitro  cryotechnique   for  erythrocytes  ,” to examine dynam-
ically changing  erythrocyte   shapes at different  blood fl ow  ing 
speeds [ 6 ,  7 ].  

4.3     Thermal Conductance 

 To examine deeper tissue areas from the frozen tissue sur-
face, we always need to cryocut any functioning organs of 
living animals under anesthesia [ 1 ]. When a  cryoknife   pre-
cooled in liquid nitrogen passes through the  living animal 
organ  , the exposed tissue surface in direct contact with the 
cryoknife is fi rst frozen in the same way as the  metal contact 
method   [ 1 ]. The mechanical damage of cryocut tissues is 
rarely detected, if target organs could be quickly passed 
through with the cryoknife. Then, the widely cryocut tissues 

are additionally frozen by another  liquid cryogen   of the IP 
mixture which is simultaneously poured over them. In this 
process, physical speeds of the moving cryoknife and freez-
ing intensity of the cryogen are critical for necessary time to 
achieve the in vivo freezing of  living animal organs  . 
Practically, at an electron microscopic level, well-frozen tis-
sue areas appear to occupy a very narrow band, less than 
10 μm deep from the contact tissue surface [ 1 ]. Although 
thermal conductivity gradually changes in living animal 
organ tissues, depending on concentrations of biological 
materials, some well-frozen tissue areas are seen next to the 
damaged ones with larger  ice crystal   s   even at the same dis-
tance from the frozen tissue surface, probably because of dif-
ferent concentrations of  soluble component   s   in various areas 
of cells and tissues.     
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Histochemical Analyses of Living Mouse 
Liver Under Different Hemodynamic 
Conditions

Nobuhiko Ohno, Nobuo Terada, and Shinichi Ohno

Abstract

Morphology and molecular distribution in animal liver tissues were examined using “in 
vivo cryotechnique” (IVCT) and compared with findings obtained with other conventional 
tissue preparation methods. Open sinusoids with flowing erythrocytes were clearly observed 

under normal blood circulation, and blood congestion and sinusoidal collapse were appar-
ent in liver under ischemic or heart-arrest conditions. Sinusoidal collapse was also apparent 
with conventional tissue preparation methods, including immersion-fixation and quick- 
freezing (QF) methods of resected tissues, while perfusion-fixation artificially dilated the 
sinusoidal cavities. The IVCT and QF method well maintained immunoreactivity of soluble 
serum proteins including albumin and immunoglobulins as well as glycogen in hepatocytes 
detected by periodic acid-Schiff (PAS) staining. Rapid molecular translocation of serum 
proteins into hepatocytes was immunohistochemically observed after tissue resection with 
the QF method. IVCT was useful to examine dynamic morphology under different hemo-
dynamic states and also immunodistribution of soluble components in living mouse livers 
under physiological and pathological states with higher time resolution.

Keywords

Liver morphology • In vivo cryotechnique • Immunohistochemistry • Periodic acid-Schiff 
staining • Serum proteins

5.1  Introduction

The liver receives a large volume of blood supply and is a 
dynamic organ changing its blood circulation and metabolic 
states [1, 2]. Previous studies pointed out that the liver mor-
phology is altered depending on different physiological and 
pathological states [3–6]. Dynamic morphological alterations 
of sinusoids and sinusoidal lining cells are indicated by new 
methods such as intravital microscopy with fluorescence 
imaging [7–10]. For morphological and immunohistochemi-
cal analyses of liver tissues under different hemodynamic con-
ditions, “in vivo cryotechnique” (IVCT) was used to examine 
the dynamically changing morphology of living mouse livers 
under different hemodynamic conditions [11]. The findings 
obtained by IVCT were also compared with those obtained by 
conventional chemical-fixation and quick- freezing methods.
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5.2  Morphological Features of Living 
Mouse Liver

Compared with conventional immersion fixation followed by 
alcohol dehydration (IM-DH), conventional perfusion- 
fixation followed by alcohol dehydration (PF-DH) could show 
morphology of the liver with intra-sinusoidal pressure [12, 
13]. However, it was impractical to reproduce normal blood 
circulation of the liver, which is supplied from a couple of dif-
ferent blood circulation system with variable blood pressures 
[1, 14]. Therefore, the artificial perfusion pressures in PF-DH 
usually affected the native liver morphology, which is also 
modified by the subsequent tissue preparation steps [15–20].

On the other hand, IVCT can reveal dynamic morphologi-
cal alterations of liver under different hemodynamic conditions 
[11]. Sinusoidal cavities were open with many flowing eryth-
rocytes in specimens prepared with IVCT (Fig. 5.1). In con-
trast, the sinusoidal cavities were almost completely collapsed 
when liver tissues were cryofixed following tissue resection 

(FQF) (Fig. 5.1). The sinusoidal collapse was also prominent 
when IVCT was used under ischemic conditions after ligation 
of portal veins and hepatic arteries [11]. With IVCT under the 
heart-arrest condition, sinusoids were rather dilated with con-
gested erythrocytes (Fig. 5.1). On the other hand, erythrocytes 
were not present in wide sinusoids with PF-DH, whereas the 
sinusoids were collapsed with IM-DH (Fig. 5.1). In addition, 
PF-DH and IM-DH make hepatocellular nuclei appearing 
smaller, presumably due to shrinkage of nuclei during dehy-
dration [11]. Dynamic morphology of living mouse liver was 
also revealed by morphometric analyses with IVCT and immu-
nostaining for immunoglobulin G1 (IgG1) in sinusoids and Igκ 
in bile canaliculi [11]. The morphometric analyses supported 
that (1) the width of sinusoids was significantly reduced in 
specimens prepared with IVCT under ischemic conditions and 
FQF but was significantly increased in those prepared with 
IVCT under heart-arrest condition and (2) with FQF, the width 
of bile canaliculi was significantly reduced. The nuclear diam-
eter was similar with IVCT or FQF but was significantly 

Fig. 5.1 Sections prepared by various preparation methods and stained 
with hematoxylin-eosin show that widely open sinusoids are clearly 
detected with “in vivo cryotechnique” under normal blood circulation 
(IVCT-N; a, arrowheads) but collapsed with IVCT under ischemic con-
ditions (IVCT-IC; c, arrowheads). Such sinusoidal collapse is more 
prominently seen with quick freezing of resected fresh specimens 
(FQF-1 min; b). Sinusoids with congested erythrocytes are dilated with 

IVCT after heart arrest (IVCT-HA; d, arrowheads). With perfusion-fixa-
tion followed by alcohol dehydration (PF-DH), sinusoids are opened 
without erythrocytes due to perfusion pressure (e, arrowheads). Sinusoids 
are mostly collapsed with immersion fixation followed by alcohol dehy-
dration (IM-DH; f, arrowheads). Some nuclei of hepatocytes appear 
smaller with PF-DH and IM-DH (e, f; arrows). Asterisks: interlobular 
veins. Bars: 30 μm (The figure was reproduced from Ohno et al. [11])
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reduced with PF-DH. Shrinkage of liver tissues is one of the 
major  artifacts caused in the conventional tissue preparation 
methods, which consequently decrease nuclear diameter of 
hepatocytes [3, 21–23]. Therefore, application of IVCT to his-
tochemical and morphological studies of liver tissues in living 
mice can reveal their dynamic changes under different hemo-
dynamic conditions compared with conventional chemical- 
fixation or cryofixation methods.

IVCT also maintained the ultrastructures of living animal 
livers under normal blood circulation in tissue areas within 
several micrometers from the tissue surface [11]. Widely 
open sinusoids surrounded by fenestrated endothelial cells 
were clearly observed, and Disse’s spaces were widely 
opened in some areas [11]. Processes of endothelial cells 
often extended into sinusoidal cavities, and bile canaliculi 
with microvilli and tight junctions were also open in living 
liver tissues. In contrast, sinusoids and Disse’s spaces were 
almost entirely collapsed by IM-DH.

Tissue resection, essential in the conventional QF method, 
may cause artifacts due to ischemia or anoxia on the mouse 
hepatic morphology. Tissue resection might cause cellular 
swelling due to rapid entry of extracellular components into 
the cytoplasm of ischemic cells [24, 25]. The severer col-

lapse of sinusoids and decreased sizes of bile canaliculi 
observed with FQF may be attributable to these artificial 
swellings caused by tissue resection. “Intravital microscopy” 
is a powerful approach to solve such technical problems [5, 
7] and enables time-lapse observation of sinusoids and cer-
tain cells in vivo [8–10]. On the other hand, the dynamically 
changing morphology of cells and tissues can be examined 
on tissue sections with IVCT without artifacts induced by 
tissue resection, perfusion-fixation, and alcohol dehydration 
[26–28]. IVCT in combination with other techniques, includ-
ing physiological monitoring or intravital microscopy, could 
be useful for immunohistochemical and ultrastructural stud-
ies of living liver tissues.

5.3  Distribution of Serum Proteins 
and Glycogen

Distribution of serum proteins in mouse liver was also 
clearly detected with IVCT [11]. Under normal blood cir-
culation, immunostaining for IgG1, Igκ, or albumin was 
observed along sinusoidal edges (Fig. 5.2). Igκ immunos-
taining also represents IgA and was found in bile canaliculi 

Fig. 5.2 Light micrographs of specimens prepared with “in vivo cryo-
technique” under normal circulation (IVCT-N; a–i) or perfusion- fixation 
followed by alcohol dehydration (PF-DH; j, k). Serial sections are 
stained with hematoxylin-eosin (HE; a) or immunostained for immuno-
globulin G1 heavy chain (IgG1; b, e), immunoglobulin kappa light chain 
(Igκ; c, f, j), or albumin (d, g, k). All serum proteins are clearly immu-
nolocalized in sinusoids with IVCT-N (b–g, arrows), while immunos-
taining for Igκ and albumin is also detected among hepatic plates (f, g; 
arrowheads). Double immunofluorescence labeling for Igκ (h, i; red) 

and zonula occludens-1 (ZO-1; h; green) or immunoglobulin A (IgA; i; 
green) in cryosections prepared by IVCT-N shows that immunostaining 
for Igκ is detected between parallel ZO-1 immunostaining for tight junc-
tions between hepatic plates (h; arrowheads) and is also seen together 
with that of IgA (i; arrowheads). Igκ or IgA is also immunolocalized in 
sinusoids (h, i; arrows). Immunoreactivity of Igκ or albumin is dramati-
cally diminished in sinusoids with PF-DH (j, k; arrows), but some albu-
min in hepatocytes becomes condensed (k; arrowheads). IV interlobular 
veins. Bars: 30 μm (The figure was reproduced from Ohno et al. [11])
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located in hepatic plates visualized by tight junctions 
immunopositive for ZO-1. Albumin immunoreactivity 
appeared as small dots and was observed in hepatocytes, 
presumably detected in Golgi areas. In tissue specimens 
prepared with PF-DH, immunostaining for serum proteins 
including Igκ and albumin was less clearly observed 
(Fig. 5.2).

Soluble glycogen in hepatocytes was also well maintained 
with IVCT [11]. Abundant glycogen as visualized by strong 
periodic acid-Schiff (PAS) staining was detected in hepato-
cytes located around centrilobular sinusoids and periportal 
zones with IVCT under normal blood circulation. In con-
trast, by FQF, the PAS staining was partially decreased in the 
peripheral cytoplasm of hepatocytes around centrilobular 
sinusoids. By PF-DH, such loss of PAS staining was more 
clearly observed in periportal zones, and PAS staining inten-
sity in the cytoplasm was decreased in some hepatocytes 
located in the centrilobular areas. Decrease of PAS staining 
was worst in the liver specimens prepared by IM-DH.

Soluble molecules can be moved or lost in conventional 
tissue preparation methods such as PF-DH or IM-DH [29–
32]. However, IVCT and QF do not use aqueous fixatives 
during specimen preparation and thus well-preserve soluble 
components in the specimens [29, 31–33]. Signal molecules 
influencing hepatic microvasculature have been studied 
under pathological conditions [5–7, 34]. The nutritional 
state, such as the glycogen storage of hepatocytes, could be 
important for injury caused by ischemia-reperfusion stress 
during liver transplantation [35]. Therefore, the localization 

of soluble molecules would be effectively examined in living 
animal livers using IVCT.

5.4  Disrupted Cell Membrane Integrity

Because of the excellent preservation of soluble molecules in 
situ by the quick freezing followed by freeze-substitution, 
these methods also revealed that immunoreactivity of serum 
proteins is detected in some hepatocyte cytoplasm after tissue 
resection (Fig. 5.3) [11]. Interestingly, immunostaining for 
IgG1 and Igκ in the serial sections demonstrated that these 
serum proteins were colocalized in the same hepatocyte. The 
IgG1- and Igκ-immunopositive hepatocytes were also immu-
nopositive for albumin, while some hepatocytes were immu-
nopositive only for albumin (Fig. 5.3). Such diffuse 
immunostaining for the serum proteins was not detected with 
IVCT [11]. Since the molecular size of IgG is larger than that 
of albumin, the immunoreactivity of serum proteins in hepato-
cytes indicated size-dependent translocation of soluble serum 
proteins due to rapid permeability alterations of cell mem-
branes caused by tissue resection. Actually, the disruption of 
the cell membranes is a hallmark of necrosis [36]. Soluble 
serum proteins as well as extrinsic dye would be easily trans-
located into hepatocytes upon necrosis which is characterized 
by size-dependent changes of cell membrane permeability 
following anoxia/ischemia. IVCT could be useful to analyze 
the integrity of hepatocyte cell membranes under physiologi-
cal and pathological conditions in living animal liver.

Fig. 5.3 Serial sections prepared by quick freezing of fresh tissues 
5 min after resection (FQF-5 min) and stained with hematoxylin-eosin 
(HE; a) or immunostained for immunoglobulin G1 heavy chain (IgG1; 
b), immunoglobulin kappa light chain (Igκ; c), or albumin (d) show that 
cytoplasm of some hepatocytes, indistinguishable with HE staining (a), 

is immunostained for IgG1, Igκ, and albumin (b–d; arrows, arrow-
heads). Immunodistribution of IgG1 and Igκ appears similar (b, c), 
whereas some albumin-immunopositive hepatocytes are not immunos-
tained for IgG1 or Igκ (b–d; arrows). IV interlobular vein. Bars: 50 μm 
(The figure was reproduced from Ohno et al. [11])
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5.5  Concluding Remarks

IVCT better retains soluble molecules in the liver, such as 
glycogen and serum proteins, which can be easily translo-
cated during conventional chemical-fixation methods. IVCT 
is also a powerful approach to analyze the permeability of 
hepatocyte cell membranes which is easily affected under 
noxious stimuli. The dynamic and functional “living mor-
phology” of mouse livers is observed under different physi-
ological or pathological conditions with IVCT.
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Three-Dimensional Reconstruction 
of Liver Tissues with Confocal Laser 
Scanning Microscopy

Yurika Saitoh, Nobuo Terada, Nobuhiko Ohno, 
and Shinichi Ohno

Abstract

Soluble proteins and glycogen particles are well preserved in paraffin-embedded sections 
prepared by in vivo cryotechnique (IVCT) followed by freeze-substitution (FS) fixation. We 
performed confocal laser scanning microscopic analyses on the distributions of glycogen 

with periodic acid–Schiff (PAS) staining and serum proteins with immunostaining for 
mouse liver tissues. Livers showed a red fluorescence signal of PAS staining in hepatocytes 
and immunofluorescence of immunoglobulin kappa (Igκ) light chain in blood vessels and 
bile canaliculi. By three-dimensional (3D) reconstruction of serial optical sections, inter-
connecting hepatic sinusoids and bile canaliculi were detected with Igκ immunostaining 
between trabecular hepatocytes that were PAS stained. In addition, 100-μm-thick PAS or 
eosin-stained slices provided 3D-structural images more than 30 μm in thickness away from 
tissue surfaces, showing blood vessels with flowing erythrocytes and networks of bile ducts 
and canaliculi. IVCT with histochemical analyses enabled us to visualize native hepatocytic 
glycogen and 3D structures, such as vascular networks, reflecting their living states by con-
focal laser scanning microscopy.
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6.1  Introduction

Recently, some in vivo vital imaging methods, such as blood 
circulation monitoring and confocal endomicroscopy, are 
often used for observation of animal living states, but their 
images are of lower magnification and it is difficult to show 
three-dimensional (3D) images with high spatial resolution, 
as compared with common histological ones [1, 2]. However, 
common histological images also have a big problem which 
is difficult to obtain reflecting living states. Using conven-
tional preparation procedures to obtain common histological 
images, diffusion or extraction artifacts of soluble compo-
nents are inevitably caused by the preparation steps of tissue 
resection or perfusion fixation [3]. Therefore, we have devel-
oped “in vivo cryotechnique (IVCT)” or “cryobiopsy” com-
bined with freeze-substitution (FS) fixation to retain 
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distributions of soluble proteins, amino acids, and glycogen 
in living mouse organs [4–8]. In this section, we demonstrate 
detailed 3D images reflecting living states to show the ability 
of IVCT combined with confocal laser scanning 
microscopy.

6.2  3D Reconstruction Images of PAS 
Staining and Immunostaining for Ig

IVCT-FS followed by paraffin embedding is easily able to 
maintain and detect soluble proteins and glycogen particles. 
The glycogen particles are routinely detected by PAS stain-
ing and PAS-reaction products emit yellow-red fluorescence 
signals [9, 10]. The paraffin-embedded specimens were cut 
into slices of 4–15 μm in thickness and mounted on glass 
slides. Some tissue slices were routinely deparaffinized and 
then used for PAS staining and immunostaining for Igκ. 

They were finally observed with a confocal laser scanning 
microscope (CLSM, FV-1000; Olympus, Tokyo, Japan) and 
computerized to automatically make 10–50 serial optical 
sections at intervals of around 0.5 μm. CLSM has the merit 
of reconstructing 3D images from recorded digital data of 
serial optical sections. The 3D reconstruction was performed 
using FV10-ASW software (Olympus). By reconstruction 
from 29 serial optical sections of 6-h-fasting liver tissues, we 
obtained 3D images of PAS staining and Igκ immunostain-
ing data (Fig. 6.1). Most hepatocytes showed PAS-stained 
aggregates with a red color in the cytoplasm (Fig. 6.1a). With 
green fluorescent signals for Igκ, hepatic sinusoids (black 
arrows in Fig. 6.1a–e), bile canaliculi (white arrows in 
Fig. 6.1a–e), and hepatocytic nuclei (blue fluorescent signals 
in Fig. 6.1a–e) were detected among the red glycogen aggre-
gates (Fig. 6.1a–e). Moreover, by optically cutting the X/Z 
planes of the digital images, blood vessels (black arrows in 
Fig. 6.1c) and bile canaliculi (white arrows in Fig. 6.1c) were 
more clearly detected within about 12 μm in thickness, as 
revealed by the Igκ immunostaining (Fig. 6.1c). At a higher 
magnified view of the 3D reconstruction image (Fig. 6.1d), 
bile canaliculi were found to be connecting with each other 
to form networks (white arrows in Fig. 6.1d), but some cana-
liculi hid behind the glycogen aggregates of hepatocytes in 
comparison with the z-stacked two-dimensional image of the 
same area (black arrowheads in Fig. 6.1d, e).

6.3  3D Reconstruction Images of PAS 
Staining in 100 μm Paraffin Slices

It has known that the antibodies for immunostaining are able 
to penetrate into tissue sections around 10 μm because of 
their molecular sizes. To the contrary, dyes used for usual 
PAS staining and hematoxylin–eosin (HE) staining easily 

penetrate into deep areas of tissues. Therefore, we further 
tried to perform 3D reconstruction of 100 μm paraffin slices 
stained with PAS under the CLSM (Fig. 6.2). To obtain 
thicker paraffin slices, paraffin-embedded specimens were 
cut at 100 μm thickness using a cryostat machine at around 
−10 °C and mounted on MAS-coated glass slides. Such a 
low temperature enabled us to make thicker paraffin slices 
than usual. The 100-μm-thick slices could be treated by 

Fig. 6.1 Three-dimensional reconstruction of triple-fluorescence 
images obtained by confocal laser scanning microscopy with PAS 
staining (red), immunostaining for immunoglobulin kappa light chain 
(green), and TO-PR-O3 (blue) in fasting mouse livers. X/Z plane (white 
line b in a) was digitally cut for 3D-reconstructed image (b), and their 
X/Z plane view is shown in (c). (d): Higher magnified view of the boxed 
area in (a). (e): Two-dimensional (Z-stacked of 29 serial optical 
 sections) view of the boxed area in (a). Black arrows: hepatic sinusoids, 
white arrows: bile canaliculi. Bar: 20 μm
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usual deparaffinization and dehydration. The 3D reconstruc-
tion was performed on 186 serial optical sections of fasting 
mouse liver tissues at intervals of 0.896 μm. Because each 
optical section overlaps the adjacent sections with half of its 
thickness, the total thickness was 81.4 μm (Fig. 6.2d, e). In 
mouse livers under the fasting condition, we identified a 
strongly PAS-positive hepatocyte near the portal vein (arrow-
heads in Fig. 6.2a, d, e) and some PAS-negative ones (arrows 
in Fig. 6.2a, d, e). In contrast, the intensity of erythrocyte 
autofluorescence was much weaker than that of PAS staining 
(P in Fig. 6.2), and the portal veins were hardly detected at 
areas of more than 20 μm in depth (P in Fig. 6.2b). Some 
PAS-stained hepatocytes were still detectable at areas of 
more than 30 μm in depth (Fig. 6.2c). By optically cutting 
X/Y/Z planes (Fig. 6.2e), interconnecting sinusoidal net-
works (white arrowheads in Fig. 6.2e) were detected in the 
3D-reconstructed digital images.

6.4  3D Reconstruction Images of Eosin 
Staining in 100-μm Paraffin Slices

Eosin dye commonly used for HE staining has been already 
known to emit yellow-red fluorescence signals [11, 12]. 
Under the CLSM, it is detectable by fluorescence wave-
lengths at 645–745 nm and excitation wavelength at 633 nm. 
The eosin dye stains cytoplasm, which enables us to obtain 
better construction of bile ducts and erythrocytes. 3D recon-
struction was performed on 125 serial optical sections at 
intervals of 0.932 μm. Because each digital sectional image 
overlaps the adjacent sections with half of its thickness, the 
total thickness was 57.04 μm. By digital accumulation of 
Z-series optical sections (Fig. 6.3a), interlobular bile ducts 
were clearly detected (arrows in Fig. 6.3a). In a portal vein 
and sinusoids, erythrocytes were found to be shaped like 
biconcave disks (white arrows in Fig. 6.3a, b). The CLSM 

Fig. 6.2 Serial optical sections of the 
fasted mouse livers (a–c) and three- 
dimensional reconstruction of a 100 μm 
slice stained with PAS obtained by 
confocal laser scanning microscopy 
(CLSM) (d, e). With CLSM, serial 186 
optical sections are obtained: the 15th (a: 
6.16 μm in depth), 45th (b: 19.36 μm in 
depth), and 75th (c: 32.56 μm in depth) 
optical sections are shown as typical 
examples. (c): The X/Z planes were shown 
the three-dimensionally reconstructed 
images. (e): Optically cutting oblique 
digital plane. Bars: 50 μm

Fig. 6.3 Three-dimensional 
reconstruction of eosin-stained tissue 
images in a 100-μm section of normal 
mouse liver obtained by CLSM. By 
CLSM, 125 serial optical sections are 
obtained. (a) An accumulated digital 
image of the 125 optical sections with 
Z-series. (b) 3D-reconstructed images of 
the 125 optical sections. Black arrows: 
interlobular bile ducts, white arrows: 
biconcave disk shapes of erythrocytes, 
black arrowheads: about 30 μm in depth

6 Three-Dimensional Reconstruction of Liver Tissues with Confocal Laser Scanning Microscopy
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enabled us to demonstrate functional liver structures in vivo 
with eosin staining alone within 25 μm in depth from the cut 
tissue surface (arrowheads in Fig. 6.3b) by X/Z planes in the 
reconstructed images. Thus, it became possible to visualize 
3D structure images of IVCT-prepared tissues of living 
mouse livers with CLSM.

6.5  Conclusion

We have reported 3D-reconstructive images of paraffin- 
embedded liver tissues reflecting their living states. Paraffin- 
embedded specimens are commonly applicable to various 
staining procedures for pathological examinations. Recently, 
according to advanced confocal endomicroscopic  techniques, 
intravital 3D images could be available in clinical medicine. 
However, such images are insufficient for the critical diagno-
sis and unable to take advantage of existing pathological 

preparation techniques. The freeze-substituted specimens 
prepared by our cryotechniques are useful to obtain 
3D-constructive images reflecting intravital cells and tissues 
and their histochemically stained sections. Therefore, the 
IVCT could also confirm the intravital imaging associated 
with pathological information. This text is mainly quoted 
from Reference [13].
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      Application of “In Vivo Cryotechnique” 
to Immunohistochemical Detection 
of Hypoxia in Mouse Liver Tissues 
Treated with Pimonidazole       

     Nobuo     Terada      ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno   

    Abstract  

  Pimonidazole irreversibly binds to hypoxic cells with low oxygen tension in living animal 
organs. In this chapter, we present distribution of hypoxic cells in mouse liver tissues with 
“in vivo cryotechnique” (IVCT) by immunostaining for protein adducts of reductively acti-
vated pimonidazole (PARaPi). Pimonidazole was intraperitoneally injected into living 
mice, and then after various times of hypoxia, their livers were immobilized by IVCT. The 
frozen liver tissues were freeze-substituted and immunostained for PARaPi. In liver tissues 
with 30 s of hypoxia, some hepatocytes in the pericentral zones were strongly immunos-
tained. Thus, IVCT revealed hypoxic cells with improved time resolution in tissue 
sections.  

  Keywords  

  Hypoxic cells   •   Pimonidazole   •   In vivo cryotechnique   •   Freeze substitution  

7.1         Usefulness of Pimonidazole 
as a Hypoxic Marker and In Vivo 
Cryotechnique (IVCT) 

 To evaluate time-dependent changes of cells and tissues, 
IVCT has the merit of instantly freezing biological and 
also chemical materials in vivo [ 1 ,  2 ]. The subsequent 
freeze substitution (FS) is thought to substantially pre-

serve their morphology and localization with fi xatives at 
 low temperature  s by substituting hyaline  ice crystal   s   with 
 organic solvent  s, such as acetone and alcohol, in which 
biological components are almost immobile during such a 
preparation step. In our previous studies,  soluble protein  s 
in  blood    vessel   s   were demonstrated to be well preserved at 
their original sites under different  hemodynamic condi-
tion   s   [ 2 – 4 ]. 

 Pimonidazole binds to thiol-containing proteins specifi -
cally in  hypoxic cell   s   [ 5 ]. Protein adducts of reductively acti-
vated  pimonidazole   (PARaPi) have been used as immunogens 
for the production of  antibodies   (Fig.  7.1a ), which were used 
for immunohistochemical detection of  hypoxia   of cells with 
partial  oxygen tension  s below 10 mmHg under various path-
ological conditions [ 6 – 13 ]. Because commonly used  chemi-
cal fi xation   needs uncertain interval for completion of the 
 cross-linking   reaction of tissue components, it was diffi cult 
to focus on initial timing of PARaPi production in any 
hypoxic animal tissues. In the present chapter, we demon-
strate the time-dependent states of intracellular hypoxia in 
mouse  liver   tissues. Precise methods and results have been 
reported in the previous paper [ 14 ].
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  Fig. 7.1    ( a ) Pimonidazole binds to general proteins under  ischemia   
due to adduction, and the  antibody   reacts to the  protein adduct   s   of 
reductively activated  pimonidazole   (PARaPi). ( b ) Experimental proto-
col shown in this chapter; one hour after the intraperitoneal injection of 
pimonidazole,  in vivo cryotechnique   (IVCT) was performed at 30 s of 
 hypoxia  . ( c ) Schematic representation of the  hepatic lobul  e after 30 s of 

hypoxia, which is immunostained for PARaPi in  pericentral zone  . ( d – g ) 
HE staining images ( d ,  e ) and immunostaining images for PARaPi ( f ,  g ) 
in mouse  liver   tissues after 30 s of hypoxia. The PARaPi immunostain-
ing is obtained around  central vein   s   (CV;  arrowheads  in  g ), but it is very 
weak around interlobular veins (ILV). Precise data have been reported 
in the previous paper (Terada et al. [ 14 ]).  Bars :  d – g , 50 μm       
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7.2        How to Detect PARaPi 
Immunohistochemically in IVCT 
Tissues? 

 We demonstrate brief protocol of immunohistochemical 
approach for the IVCT tissue samples. Pimonidazole was 
intraperitoneally injected into mice. One hour after the injec-
tion of  pimonidazole  , the mice were anesthetized with pento-
barbital. Their respiration stopped by inhalation of nitrogen 
gas in plastic bags, and at various interval times after their 
respiration completely stopped, their livers were surgically 
exposed, and an  isopentane  –propane mixture precooled in 
liquid nitrogen was directly poured on them, as described in 
the procedure for IVCT [ 1 ,  4 ]. 

 The frozen  liver   tissues were freeze-substituted in acetone 
containing  paraformaldehyde   and embedded in  paraffi n  . For 
immunostaining of PARaPi, deparaffi nized sections were 
immunostained with commercially available FITC- 
conjugated anti-PARaPi monoclonal  antibody   followed by 
 horseradish peroxidase   (HRP)   -conjugated anti-FITC mono-
clonal antibody. The immunoreaction products were visual-
ized using the peroxidase enzyme reaction with 
metal-enhanced 3,3′- diaminobenzidine   (DAB). This immu-
noperoxidase staining enables us to obtain better sensitivity.  

7.3     Immunostaining for PARaPi in Normal 
and Hypoxic Liver Tissues 

 In normal  liver   tissues with IVCT, cells immunopositive for 
PARaPi were rarely observed, indicating  oxygen tension   in 
liver tissues was well retained under normal  blood   
 circulation  . 

 At 30 s of  hypoxia   (Fig.  7.1b ),  erythrocytes   formed typi-
cal rouleaux in  sinusoids   (Fig.  7.1d, e ), and the PARaPi was 
strongly immunostained than in the normal  liver  , especially 
in some  hepatocytes   of the  pericentral zone   (Fig.  7.1f, g ). 
The further from the  central vein  , the less immunoreactivity 
of PARaPi was detected, indicating that a change of the 
hypoxic state was detectable within 30 s by IVCT, as sche-
matically demonstrated in Fig.  7.1c . 

 After 1 min of  hypoxia  , most  hepatocytes   in all  hepatic 
zone  s were immunopositive for PARaPi, indicating that they 
were in a hypoxic state. The relative intensity of PARaPi 
immunoreactivity was stronger in hepatocytes of the  peri-
central zone   than in those of other zones, and hepatocytes 
showed various degrees of immunoreactivity against PARaPi 
even in the periportal zone. To evaluate whether such changes 
of cell membrane  permeability   occurred in such  hypoxic 
cell   s  , serial sections were possible to be immunostained for 

mouse  serum    IgG1  . IgG1 was immunostained in  blood    ves-
sel   s   and intercellular spaces, but not inside the hepatocytes, 
indicating that the changes of PARaPi immunostaining were 
not due to diffusion of cytoplasmic proteins into  extracellu-
lar space   s  .  

7.4     Application of IVCT Followed by FS 
for Immunoblotting Analyses 

 In addition,  immunoblotting   analyses can be done on FS 
samples. By immunoblotting, the intensity of immunoreac-
tivity for PARaPi was observed after  hypoxia   for 3 min, 
whereas it was much weaker with the normal  liver   tissues 
in vivo. Thus, it was possible to examine the same tissue 
samples by  immunohistochemistry   and immunoblotting 
analyses.  

7.5     Concluding Remarks 

 When IVCT is used, we need no attention for a state of  perfu-
sion    fi xation   caused by  blood   coagulation after stopping circu-
lation. Therefore, IVCT would be a useful way to evaluate the 
 distribution   pattern of  hypoxic cell   s   in mouse  liver   tissues.     
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      Immunohistochemical Detection 
of Soluble Immunoglobulins in Small 
Intestines       

     Satoshi     Shimo    ,     Sei     Saitoh    ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno     

    Abstract  

  We performed immunohistochemical or ultrastructural analyses of living mouse small 
intestines prepared by “in vivo cryotechnique” (IVCT). Living morphological states of 
small intestinal tissues, including fl owing erythrocytes and opening blood vessels, were 
observed on paraffi n-embedded sections prepared with IVCT. IgA was immunolocalized in 
many plasma cells of the lamina propria mucosa, intestinal matrices, and also in epithelial 
cells of the intestinal villi and crypts. Both IgG1 and IgM immunoreactivities were mainly 
detected in blood vessels, whereas only IgG1 was also immunolocalized in interstitial 
matrices of mucous membranes. Confocal laser scanning micrographs of double- 
fl uorescence immunostaining for IgA immunoreactivity are detected in the cytoplasm of 
epithelial cells as well as plasma cells in the lamina propria mucosa. On the other hand, by 
electron microscopy, intracellular ultrastructures of epithelial cells were well preserved in 
tissue areas 5–10 μm away from the cryogen-contact surface tissues. Apical microvilli of 
epithelial cells contained dynamically waving actin fi laments. Furthermore, highly electron- 
dense organelles, such as mitochondria, in addition to endoplasmic reticulum and ribo-
somes, were well preserved under the widely organized terminal web. Additionally, 
Epon-embedded thick sections were treated with sodium ethoxide, followed by antigen 
retrieval, and immunostained for various proteins, such as IgA, Igκ, IgG1, IgM, J-chain, and 
albumin. IgA immunoreactivity was detected as a tiny dot-like pattern in the cytoplasm of 
some epithelial cells and plasma cells localized in the lamina propria. The J-chain and Igκ 
immunoreactivities were also detected in the same local areas as those of IgA. Thus, IVCT 
was useful for the preservation of soluble serum proteins and ultrastructural analyses of 
dynamically changing epithelial cells of living mouse small intestines.  

  Keywords  

  Small intestine   •   In vivo  cryotechnique     •   Immunohistochemistry   •   Immunoglobulin A   • 
  Ultrastructure  

8.1         Introduction 

 The animal intestinal mucosa is well known to maintain 
highly developed immunological systems with circulating 
immunoglobulins (Igs), which contribute to some defensive 
barriers against foreign antigens, such as pathogenic viruses, 
bacteria, and other toxic materials [ 1 – 3 ]. Recently, in vivo 
imaging using intravital  microscopy   and fl uorescence- 
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imaging techniques has revealed dynamically changing 
mucosal immunity in gastrointestinal tracts of living animals 
[ 4 ,  5 ]. Therefore,  preservation of soluble immunoglobulin   s   
in situ for  immunohistochemistry   is essential to examine the 
mucosal immunity in living animal intestines without 
 morphological  artifacts   during the specimen preparation 
steps, such as tissue  shrinkage  , antigen masking, and diffu-
sion of  soluble protein  s, during the conventional preparation 
steps [ 6 – 8 ]. The “ in vivo cryotechnique  ” (IVCT) can directly 
cryofi x living mouse  small intestines   under normal  blood    cir-
culation   and  soluble serum protein   s   of tissues for preserva-
tion of their antigenicity.  

8.2     Immunolocalizations of Various Igs 
in Paraffi n Thick Sections 

 To examine immunodistributions of various classes of Igs in 
the living mouse  small intestines  , the common peroxidase- 
DAB immunostainings for IgA, Igκ,  IgG1  , and  IgM   were 
performed on serial  paraffi n   sections in the tissue specimens 
prepared with IVCT-FS (Freeze-substitution). Their well- 
frozen tissue areas were always checked with HE staining 
(Fig.  8.1a, b ), showing  fl owing erythrocyte   s   in open  blood   
 vessel   s   (arrowhead in Fig.  8.1b ). Many IgA-immunopositive 
 plasma cell   s   were observed in the lamina propria mucosa of 
the intestinal villi (arrowheads in Fig.  8.1c ), and the  IgA 
immunoreactivity   was also detected in the cytoplasm of  epi-
thelial cell   s  . The Igκ-immunopositive plasma cells were also 
observed in the same areas of the lamina propria mucosa 
(arrowheads in Fig.  8.1d ).  IgA, Ig  -G1, and IgM were differ-
ently immunolocalized between blood vessels and interstitial 
matrices of intestinal mucous membranes, indicating the 
existence of some molecular barriers between the interstitial 
matrices and blood vessels. It is of concern that such IgA 
immunodistribution may be time-dependently changing in 
living mouse intestines under normal and pathological con-
ditions. On the other hand, with conventional  perfusion  - 
fi xation       followed by  dehydration  , Ig immunoreactivity 
decreases and diffuses cytoplasmic immunostaining for Igs 
[ 9 – 11 ]. Such a discrepancy between our immunohistochemi-
cal data by IVCT and previous reports may be due to the 
conventional preparation procedures, resulting in various 
levels of immunoreactivity and translocation of soluble Igs.

   Furthermore, to examine what class of  Ig   was produced in 
identical  plasma cell   s   and immunolocalized in  epithelial 
cell   s   of the intestinal mucosa, double-fl uorescence immu-
nostaining for IgA and  IgG1   was performed for tissue sam-
ples, as prepared with IVCT-FS which were examined with 
 confocal laser   scanning  microscopy   (Fig.  8.1g–i ). The  IgA 
immunoreactivity   was clearly detected in almost all plasma 
cells in the lamina propria mucosa, as well as in the cyto-
plasm of some epithelial cells (Fig.  8.1g , i). In addition, 

small granular immunoreaction products were more clearly 
observed in the apical cytoplasm of the epithelial cells at 
some optical section levels under the  confocal laser scanning 
microscope   (asterisks in Fig.  8.1g ). However, the  IgG  1 
immunoreactivity was mainly detected in  blood    vessel   s   of 
intestinal villi and a few plasma cells at these intestinal areas 
(Fig.  8.1h , i). IVCT is reasonable to prevent translocation of 
 soluble protein  s that easily occurs during the conventional 
chemical fi xation of  aqueous solution  s [ 12 ,  13 ] because it 
can immediately capture all dynamic biological movements 
within milliseconds at the time of freezing, as already shown 
by our time-dependent studies of signal molecules with 
IVCT [ 14 ,  15 ]. In addition, artifi cial antigen masking of vari-
ous target molecules, which was sometimes problematic on 
 immunohistochemistry   [ 16 – 18 ], was also improved with 
IVCT followed by FS, as reported before [ 19 ]. The well- 
frozen tissue areas with few visible  ice crystal   s   were within 
300–400 μm from the frozen tissue surface at the light micro-
scopic level. At the electron microscopic level, however, 
meshwork-like structures damaged by the tiny  ice crystal 
formation   were usually observed in the deep frozen tissues 
of  living animal organ   s  , and these ice crystal sizes always 
depended on the distance from the frozen tissue surface [ 20 ]. 
These fi ne meshwork-like structures probably aid more 
 effective penetration of antibodies   during immunohisto-
chemical steps, resulting in formation of antigen- antibody   
complexes [ 19 ].  

8.3     Electron Micrographs of Epithelial 
Cells in Intestinal Tissues Prepared 
by IVCT 

 At the electron microscopic level, the uppermost part of the 
cytoplasm or the cuticular border of  epithelial cell   s   consists 
of numerous  microvilli  , containing fi laments that extend into 
the deep cytoplasm and intermingle with the terminal web, 
as shown in Fig.  8.2 . No cytoplasmic organelles of the termi-
nal web region were seen, but the actin  microfi lament   bun-
dles were organized along their entire length, as well as 
microfi lament networks in the terminal web [ 21 ,  22 ]. On the 
other hand, many cytoplasmic organelles including numer-
ous mitochondria, endoplasmic reticulum, and ribosome 
were localized under the terminal web region, as shown in 
Fig.  8.2c, d . Morphological alteration was probably due to 
rapidly changing solute  permeability   of cell membranes dur-
ing  perfusion  - fi xation   with  artifi cial perfusion pressure   [ 23 –
 25 ]. Such relatively high pressure in the  interstitium   during 
perfusion-fi xation may also cause other dilations in intercel-
lular spaces between epithelial cells, such as lateral interdigi-
tation and alterations in the total cell sizes. Therefore, careful 
attention must be paid to preserve the native ultrastructure 
of cells and tissues and not lose them during the tissue 
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  Fig. 8.1    Light micrographs of HE staining (HE;  a ,  b ), immunostaining 
for IgA ( c ), Igκ ( d ),  IgG1   ( e ), and  IgM   ( f ), confocal laser scanning 
micrographs of double-fl uorescence immunostaining for IgA ( g ), IgG1 
( h ), and merge ( i ) in paraffi n sections of the mouse  small intestines   
prepared with IVCT. ( a ) and ( b ) Flowing  erythrocytes   are well 
preserved in open  blood    vessel   s   ( arrowheads  in  a ,  b ). ( b ) Higher 
magnifi ed view of the rectangular part in ( a ). The epithelial morphology 
is well preserved with few  ice crystal   s   at the light microscopic level 
( arrows  in  b ). ( c ) Many IgA- immunopositive  plasma cell   s   are mainly 
observed in intestinal villi ( white arrowheads ). Epithelial cells are also 
IgA-immunopositive along intestinal crypts ( small inset ) and villi 
( large inset ). ( d ) Igκ-immunopositive plasma cells ( white arrowheads ) 
are abundant in the villi and  crypt   areas. ( e ) IgG1 immunoreactivity is 

detected in interstitial matrices of intestinal villi and crypts, as well as 
inside blood vessels ( arrowheads ), whereas it is hardly detected in the 
cytoplasm of  epithelial cell   s  . ( f ) IgM immunoreactivity is detected only 
in blood vessels ( arrowheads ). ( g – i )  IgA immunoreactivity   ( green  in  a , 
 c ) is detected in the cytoplasm of epithelial cells ( asterisks ), as well as 
plasma cells in the lamina propria mucosa. However, IgG1 
immunoreactivity ( red  in  h ,  i ) is detected in some plasma cells 
( arrowheads ) and blood vessels ( arrows ). ( i ) From a color-merged 
image of ( g ) and ( h ), IgA- and IgG1-double immunopositive plasma 
cells are identifi ed in the intestinal mucosa ( arrowheads ;  yellow ).  Cr  
crypt,  ML  muscle layer,  Vi  villi.  Bars : ( a – f ) 100 μm, ( g – i ) 50 μm (From 
Shimo S et al., J Immunol Methods 361(1–2):64–74, 2010)       

 

8 Immunohistochemical Detection of Soluble Immunoglobulins in Small Intestines



36

 preparation steps, which may be compatible with functional 
analyses by in situ imaging to visualize the intestinal muco-
sal immunity [ 26 – 28 ].

8.4        Immunolocalizations of IgA, J-Chain, 
and Igκ in Epon Thick Sections 

 Immunolocalizations of soluble IgA, J- chain  , and Igκ were 
compared with each other in the small intestinal tissues of 
living mice, which were prepared by IVCT. By IVCT, IgA- 
immunopositive  plasma cell   s   were detected from the middle 
to the basal areas of the lamina propria, and also small granu-
lar immunoreaction products were clearly detected in the 
apical cytoplasm of  epithelial cell   s   in intestinal villi, as 
shown in Fig.  8.3a, b . J-chain- and Igκ-immunopositive 
plasma cells were also observed in the same areas of the 
lamina propria. However, the correspondence of Epon- 
embedded thick sections to electron microscopic images has 
been diffi cult to achieve because of much less localization of 
IgA in some apical areas of epithelial cells. Immunostaining 

for IgA, small granular immunoreaction products were 
detected in the epithelial cells, corresponding to vesicular 
structures, which were revealed in an ultrathin section by 
 electron microscopy  , as shown in Fig.  8.2 , by using the  in 
vivo cryoapparatu   s   (Eiko Engineering, Hitachinaka, 
Ibaraki, Japan) in combination with the  cryoknife   with 
cryo gen [ 29 ].

8.5        Concluding Remarks 

 Paraffi n-embedded sections prepared with IVCT better 
remain soluble  serum   immunoglobulins in the small intes-
tine, such as IgA, which can be easily translocated during 
conventional chemical-fi xation methods. Furthermore, the 
immunostaining of conventional Epon-embedded thick sec-
tions prepared by IVCT-FS and the antigen retrieval treat-
ment clearly revealed the immunoreactivities of  soluble 
serum protein   s   in functional cells and tissues of living mouse 
 small intestines  , which would be compared with the captured 
 dynamic ultrastructure   s   in ultrathin Epon sections by IVCT.     

  Fig. 8.2    Electron micrographs of the apical cytoplasm of living mouse 
intestinal  epithelial cell   s   prepared by IVCT. ( a )  Epon thick section   
stained with  toluidine blue  . The cuticular border and open  blood    capillar-
ies   are seen ( arrowheads  and  arrows ). ( b ) At lower magnifi cation,  micro-
villi   show a conspicuous surface structure. This layer is the band that 
shows low-intensity staining with toluidine blue. In regions under the 
microvilli, the electron-lucent band appears to be separated from the 
deeper cytoplasm. ( c ) The microvilli of epithelial cells are frequently 
seen to have different electron density from the slicing plane because they 

are waving back and forth ( white arrowheads ). Furthermore, many cyto-
plasmic organelles are abundantly localized under the terminal web, such 
as electron-dense mitochondria, obliquely cut endoplasmic reticulum, 
and ribosome. ( e ) At a higher magnifi cation in ( d ), the separating inner or 
outer leafl ets of the apposed cell membranes are visible along the micro-
villi ( white arrows ).  Ep  epithelial cell,  ER  endoplasmic reticulum,  LI  lat-
eral interdigitation,  LP  lamina propria,  M  mitochondria,  MV  microvilli, 
 TJ   tight junction  ,  TW  terminal web.  Bars : ( a ,  b ) 10 μm, ( c ,  d ) 500 nm, ( e ) 
100 nm (From Shimo S et al., Microscopy 64(3):189–203, 2015)       
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  Fig. 8.3    Light micrographs of immunostaining for IgA ( a ,  b ), J- chain   
( c ,  d ) and Igκ ( e ,  f ) in serial  Epon thick section   s   of living mouse  small 
intestines   prepared by IVCT. ( a ,  b ) Many IgA-immunopositive  plasma 
cell   s   are mainly localized in the lamina propria of intestinal villi from 
their middle to basal areas ( arrows  in  b ). Both J-chain- ( c ,  d ) and Igκ- 
( e ,  f ) immunopositive plasma cells ( arrows ) are also abundant in the 
villus areas. They are seen as numerous small granular immunoreaction 

products in the apical cytoplasm of some  epithelial cell   s   ( arrowheads   d , 
 f ), similar to those of IgA ( arrowheads   b ). However, the villus tip areas 
are rarely detected for IgA in the cytoplasm of epithelial cells or plasma 
cells.  Cr   crypt  ,  Ep  epithelial cell,  LP  lamina propria,  Vi  villus.  Bars : ( a , 
 c ,  e ) 50 μm, ( b ,  d ,  f ) 20 μm (From Shimo S et al., Microscopy 64(3):189–
203, 2015)       
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Detection of MAPK Signal Transduction 
Proteins in an Ischemia/Reperfusion 
Model of Small Intestines

Jiaorong Chen, Nobuo Terada, Yurika Saitoh, 
Zheng Huang, Nobuhiko Ohno, and Shinichi Ohno

Abstract

Intestinal ischemia and ischemia/reperfusion rapidly progress to tissue destruction and 
reconstruction of functional organs. To date, precise immunolocalizations and the timing of 
appearance of cell-signaling components under such conditions have not been well visual-

ized in conventional tissue sections. For immunohistochemistry, we have proposed that 
soluble molecules including cell-signaling proteins are well retained by our in vivo cryo-
technique (IVCT). Mitogen-activated protein kinase (MAPK) signal transduction pathways 
have been reported to be activated under various types of cell damage, and cyclic AMP 
response element-binding protein (CREB) was directly phosphorylated with various cellu-
lar stimuli. In this study, both the expression and the immunolocalization of ERK1/2, a 
member of the MAPK family, were examined in mouse intestinal tissues by IVCT. Under 
normal conditions, although ERK1/2 was widely immunolocalized in the cytoplasm of epi-
thelial cells, phosphorylated (p) ERK1/2 was slightly detected in a small amount of epithe-
lial cells in crypt and top parts of the villi. In 20 min ischemia, more pERK1/2 
immunolocalization was detected in epithelial cells of the crypt part. In 60 min ischemia, 
however, its immunoreactivity was remarkably increased in wide areas of epithelial cells. In 
these 20 min and 60 min ischemia groups, another phosphorylated CREB was also immu-
nostained in the nuclei of the same epithelial cell areas of pERK1/2. By ischemia 20 min 
reperfusion 60 min experiments, pERK1/2 immunointensity was reduced in the crypt areas. 
In 60 min ischemia with 60 min reperfusion, however, it was still strongly immunolocalized 
in epithelial cells of the crypts. Thus, rapidly changing ERK1/2 phosphorylation was visu-
alized in the intestinal epithelial stem cells of mouse small intestine.
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9.1  Introduction

Intestinal ischemia/reperfusion is an important clinical topic 
because it can often cause various subsequent multi-organ fail-
ure syndromes. It has already been proven that intestinal 
ischemia/reperfusion leads to severe damage of intestinal 
mucous epithelial barriers [4]. Such injury could also induce 
apoptosis of interstitial cells of Cajal, smooth muscle cells, and 
enteric neurons, which usually contributes to gastrointestinal 
motility disorders [8, 13]. Therefore, we have been interested in 
the actual immunolocalization and timing of expression of sig-
naling molecules related to intestinal ischemia/reperfusion.

The mitogen-activated protein kinase (MAPK) signal 
transduction pathways are common conserved mechanisms 

of eukaryotic cell regulation. Many mammals have been 
reported to have several MAPK family proteins: extracellu-
lar signal-regulated kinases (ERK1/2, p44/p42), c-jun NH2- 
terminal kinases 1/2 (JNK1/2, p54/p46), p38 MAPK, and 
ERK5. Recently, a molecular mechanism involving phos-
phorylation of the ERK signal pathway has been reported 
under myocardial ischemia/reperfusion, which plays a role 
in the antiapoptotic and cardioprotective effects of nitric 
oxide [7]. However, the ERK1/2 effect on neurons after isch-
emia is controversial. One report concluded that ERK1/2 
caused neuronal damage [1], while another concluded that 
ERK1/2 supported neuronal survival [5].

We have already demonstrated that our in vivo cryotech-
nique (IVCT) is a powerful tool to examine not only pure 
morphological findings [2] but also the immunolocalization 
of signal transduction molecules in cells and tissues reflect-
ing their living states. IVCT followed by freeze-substitution 
fixation (FS) ensured the preservation of many biological 
molecules at their original sites and also molecular structures 
of the signal molecules [10, 11]. In the present study, to eval-
uate the involvement of ERK1/2 signal transduction after 
intestinal ischemia/reperfusion injury, we examined the 
phosphorylation of ERK1/2 and CREB at different time 
intervals of ischemia/reperfusion by IVCT-FS.

9.2  Histology and Immunolocalization 
of ERK1/2 and pERK1/2 in Normal 
Mouse Small Intestine by Various 
Preparative Methods

By IVCT-FS, functional histological features of small intes-
tinal tissues were shown upon HE staining, such as flowing 
erythrocytes in blood vessels (Fig. 9.1a, d). By ERK1/2 
immunostaining, positive findings were widely detected in 
the cytoplasm of epithelial cells (Fig. 9.1b, e). On the other 

hand, pERK1/2 was detected mainly in epithelial cells at 
crypt areas and top parts of villi (Fig. 9.1c, f). By QF-FS, 
similar morphological images of epithelial cells were shown 
upon HE staining, although the blood vessels had collapsed 
(Fig. 9.1g, j). The ERK1/2 immunolocalization was similar 
to that with IVCT-FS (Fig. 9.1h, k), while pERK1/2 was 
more strongly immunostained in epithelial cells at crypt 
areas (Fig. 9.1i), which may have been due to hypoxia in the 
resected intestinal tissues.

By IM-DH, congested erythrocytes and shrinkage of cells 
and tissues were observed upon HE staining (Fig. 9.1m, p). 
ERK1/2 immunoreaction was detected in both cytoplasm 
and nuclei of cells in all mucous layers (Fig. 9.1n, q). 
However, pERK1/2 was detected only in epithelial cells at 

the top parts of villi, but not in the crypt areas (Fig. 9.1o, r). 
By PF-DH, erythrocytes were washed out during perfusion 
fixation; the cytoplasm of epithelial cells was strongly 
stained with eosin, and the total cell volumes and their nuclei 
had shrunk (Fig. 9.1s, v). ERK1/2 immunoreaction was 
detected mainly in the nuclei of epithelial cells of all layers 
(Fig. 9.1t, w), but pERK1/2 was hardly detected in those 
areas (Fig. 9.1u, x). Thus, different immunolocalizations of 
ERK1/2 and pERK1/2 were demonstrated by the different 
preparative methods. In particular, pERK was hardly 
detected with IM-DH or PF-DH. We assumed that IVCT-FS 
more clearly revealed morphological images and immunolo-
calization of pERKs, mostly reflecting their living states, 
with less effect of ischemia or technical diffusion artifacts.

9.3  ERK1/2 and pERK1/2 in 20 min 
Ischemia Group with IVCT-FS 
and IM-DH

Using morphological images with HE staining (Fig. 9.2a), 
many erythrocytes were shown to be congested in blood ves-
sels, and some epithelial cells at the top parts of villi were 
swollen due to ischemia (Fig. 9.2a, d, g, j). The immunolocal-
ization of ERK1/2 was seen in the cytoplasm of epithelial 
cells (Fig. 9.2b, e, h, k), which was almost the same as that of 
the sham operation group. pERK1/2 immunostaining was 
clearly detected in the cytoplasm and nuclei of epithelial cells 
in the crypt (arrowheads in Fig. 9.2f, l), but not in epithelial 
cells at the top parts of villi (Fig. 9.2i). Such immunopositive 
staining of both ERK1/2 and pERK1/2 was confirmed by per-
forming IVCT from the luminal sides (the inset in Fig. 9.2b 
and the left inset in Fig. 9.2c), by detecting the immunostain-
ing of ERK1/2 in the cytoplasm of epithelial cells and 
pERK1/2 in the epithelial cells at the crypt areas. 
Immunostaining patterns of ERK1/2 and pERK1/2 were 

J. Chen et al.



41

slightly different with another IM-DH preparation under the 
20 min ischemia conditions (insets in Fig. 9.2d–i). Intestinal 
tissues were mostly shrunken due to alcohol dehydration dur-
ing the conventional tissue preparation (insets in Fig. 9.2d, g). 
ERK1/2 was immunolocalized in both cytoplasm and nuclei 
of cells in all layers (insets in Fig. 9.2e, h). The immunolocal-
ization of pERK1/2 was weakly detected in the nuclei of epi-
thelial cells at crypt areas, compared with the immunostaining 
of pERK1/2 with IVCT after 20 min ischemia, not at the top 
areas of villi (insets in Fig. 9.2f, i). These findings indicate 
that the ERK1/2 signal transduction was usually activated in 
the intestinal epithelial stem cells under ischemia for 20 min.

9.4  ERK1/2 and pERK1/2 in 20 min 
Ischemia with 60 min Reperfusion 
Group Prepared by IVCT-FS

Using morphological images with HE staining (Fig. 9.3a, d, 
g, j), erythrocytes of various shapes were observed in the 
blood vessels of mucous membranes, probably reflecting 
their blood reperfusion at the time of freezing, and epithelial 
cells at the top parts of villi were also examined after 60 min 

reperfusion at higher magnification (Fig. 9.3d, g, j). After a 
series of 20 min ischemia with 60 min reperfusion, the 
microvascular blood flow could be first visualized with QD 
injection via the heart. As shown on the serial sections, it was 
easy to judge the morphology in all layers of intestinal tis-
sues with HE staining (insets in Fig. 9.3a). Some QD-positive 
blood vessels (arrows in insets of Fig. 9.3b) and other 
QD-negative blood vessels (double arrowheads in insets of 
Fig. 9.3b) were easily distinguishable in such specimens. 
The no-reflow phenomenon sometimes reflects the failure of 
blood flow after reperfusion into ischemic areas, as already 
reported [3], and causes some cell and tissue damage [6]. 
This no-reflow phenomenon was easily visualized by the 
combination of IVCT with QD injection under such isch-
emia/reperfusion injury. The immunolocalization of ERK1/2 
was seen in the cytoplasm of epithelial cells (Fig. 9.3b, e, h, 
k), which was similar to that of the sham operation group. In 
contrast, pERK1/2 immunostaining was detected only in 
some epithelial cells in crypt areas (arrowheads in Fig. 9.3f), 
as well as those at the top parts of villi (Fig. 9.3i). In some 
crypt areas, pERK1/2 was immunonegative in epithelial cells 
(Fig. 9.3l). These findings indicate that the activation of 
ERK1/2 signal transduction was recovered in some parts of 

Fig. 9.1 Light microscopic images of HE staining (a, d, g, j, m, p, s, v) 
and immunostaining of ERK1/2 (b, e, h, k, n, q, t, w) and phosphory-
lated ERK1/2 (c, f, i, l, o, r, u, x) on serial paraffin sections in mouse 
small intestine with different preparative methods, such as IVCT-FS 

(a–f), QF-FS (g–l), IM-DH (m–r), and PF-DH (s–x), in crypts (a–c, 
g–i, m–o, s–u) and villi (d–f, j–l, p–r, v–x). Arrowheads (c, f, i, l, r) 
show the immunopositive staining of pERK1/2 in the crypts and villi. 
ML muscular layer, Cr crypt, and Vi villi. Bars, 20 μm
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Fig. 9.2 Light microscopic images of HE staining (a, d, g, j) and 
immunostaining of ERK1/2 (b, e, h, k) and pERK1/2 (c, f, i, l) on serial 
paraffin sections in living mouse small intestines with IVCT and 
IM-DH under the 20 min ischemic conditions. Inset in (a): HE staining 
by preparing samples with freezing from luminal sides. Inset in (b): 
immunostaining of ERK1/2 by preparing samples with freezing from 
the luminal sides. Left inset in (c): immunostaining of pERK1/2 by pre-

paring samples with freezing from the luminal sides. Right inset in (c): 
immunocontrol with a secondary antibody alone. Inset in (d–i): HE 
staining and immunostaining of ERK1/2 and pERK1/2 on serial paraf-
fin sections in mouse small intestines with IM-DH. (d–l): highly magni-
fied image of rectangles shown in the top panel. Arrowheads in (f, l) 
show the immunopositive staining of pERK1/2 in epithelial cells of 
crypts. ML muscular layer, Cr crypt, and Vi villi. Bars, 20 μm



Fig. 9.3 Light microscopic images of HE staining (a, d, g, j), immu-
nostaining of ERK1/2 (b, e, h, k) and pERK1/2 (c, f, i, l), and QD fluo-
rescence images on serial paraffin sections in living mouse small 
intestines with IVCT under 20 min ischemia with 60 min reperfusion. 
Inset in (a): HE staining on the sections of QD injection sample. Inset 
in (b): fluorescence image of QD under ultraviolet light. Inset in (c): 

immunocontrol with a secondary antibody alone. (d–l): highly magni-
fied images of rectangles shown in the top panel. Arrows (inset in b) 
show QD-positive blood vessels. Double arrowheads (inset in b) show 
QD-negative blood vessels. Arrowheads (f, i) show the immunopositive 
staining of pERK1/2 in epithelial cells at crypt areas and top parts of 
villi. ML muscular layer, Cr crypt, and Vi Villi. Bars, 20 μm
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the intestinal epithelial stem cells during 60 min reperfusion 
after 20 min ischemia damage.

9.5  Concluding Remarks

In the present study, an ischemia/reperfusion model of 
mouse small intestine was produced, and native morpho-
logical images of the frozen specimens were obtained by 
our original IVCT [9]. Therefore, functional features of cir-
culating erythrocytes could be morphologically captured on 
intestinal tissue sections by IVCT-FS, as previously reported 
in several animal organs [10, 12, 14, 15]. The IVCT could 
also precisely reveal rapid changes of signaling molecules, 
in combination with dynamic morphological alterations. 
Thus, we assume that IVCT, which avoids the conventional 
technical problems, is very useful to perform accurate 
examination of the alteration of rapidly changing signal 

transduction molecules in living mouse intestines after isch-
emia/reperfusion. Some of the present data were already 
published in our paper, Histochem Cell Biol (2013) 140: 
491–505, and cited with their permissions.
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Histological Study and LYVE-1 
Immunolocalization of Mesenteric 
Lymph Nodes

Yuqin Bai, Bao Wu, Nobuo Terada, Nobuhiko Ohno, 
Yurika Saitoh, and Shinichi Ohno

Abstract

The “in vivo cryotechnique” (IVCT) is a powerful tool to directly freeze living animal organs in 
order to maintain biological components in frozen tissues, reflecting their native states. In this 
study, mesenteric lymph nodes of living mice were directly frozen with IVCT, and we did mor-

phological studies and immunohistochemical analyses on a hyaluronic acid receptor, LYVE-1. 
In lymph nodes, widely open lymphatic sinuses were observed, and many lymphocytes adhered 
to inner endothelial cells along subcapsular sinuses. The LYVE-1 was clearly immunolocalized 
at inner endothelial cells of subcapsular sinuses, as well as those of medullary sinuses. 
Conventional pre-embedding electron microscopy also showed LYVE-1 immunolocalization 
along both the apical and basal sides of cell membranes of inner endothelial cells. By triple 
immunostaining for LYVE-1, smooth muscle actin, and type IV collagen, the LYVE-1 was 
immunolocalized only in the inner endothelial cells, but not in outer ones which were sur-
rounded by collagen matrix and smooth muscle cells. Thus, the functional morphology of lymph 
nodes in vivo was demonstrated and LYVE-1 immunolocalization in inner endothelial cells of 
subcapsular sinuses suggests hyaluronic acid incorporation into lymph node parenchyma.

Keywords

Immunohistochemistry • In vivo cryotechnique • LYVE-1 • Mesenteric lymph node

10.1  Introduction

Lymph nodes are peripheral lymphatic organs connecting 
afferent lymphatic vessels to efferent ones via subcapsular, 
intermediate, and medullary sinuses. Some markers specific 
for lymphatic vessels are lymphatic vessel endothelial hyal-
uronan receptor-1 (LYVE-1) [1, 2], vascular endothelial 
growth factor receptor-3 (VEGFR-3) [3], prox1 [4], and 
podoplanin [5]. LYVE-1 is a 322-amino acid transmembra-
nous glycoprotein homologous to an inflammatory 
leukocyte- homing receptor, CD44, and both of them are 
receptors for hyaluronic acid [6, 7]. In lymphatic sinuses of 
rat lymph nodes, LYVE-1 was reported to be localized in 
endothelial and reticular cells of medullary sinuses [2]. 
Recently, it was also reported that a type of macrophage 
expressed LYVE-1 in some lymphatic vessels [8]. Therefore, 
it is of interest to examine the LYVE-1 immunolocalization 
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in lymph nodes because they have specific lymph sinuses 
surrounded by endothelial cells which connect to the lym-
phatic vessels.

To clarify the morphological states of functioning ani-
mal organs, we have already proposed that the “in vivo 
cryotechnique” (IVCT) is a powerful tool by which living 
animal organs are directly frozen in vivo [9]. IVCT can pre-
vent morphological artifacts of cells and tissues caused by 
tissue- resection and immersion- or perfusion-fixation [10]. 
It is also possible to examine immunolocalization of solu-
ble proteins, as well as small amino acids, with high immu-
noreactivity, reflecting their original localization [11]. We 
performed morphofunctional analyses of mouse mesenteric 
lymph nodes under normal blood circulation prepared with 
IVCT and examined immunolocalization in situ of LYVE-
1, type IV collagen, and smooth muscle actin in the lymph 
nodes.

10.2  Histological Findings of Living Mouse 
Lymph Node Tissue

Histological features of living mouse mesenteric lymph 
nodes were obtained with IVCT, such as widely open lym-
phatic sinuses and original locations of flowing lympho-
cytes, as shown in Fig. 10.1. Subcapsular sinuses of lymph 
nodes have been thought to play some important roles for 
filtering lymph fluid to transport and process invading anti-
gens into their parenchyma, as well as both adhesion and 

migration of immune cells and also metastatic cancer cells 
[8, 12]. Thus, as the wide lumen of lymphatic sinuses and 
flowing lymphocytes were maintained by using IVCT, it 
may reflect the natural subcapsular sinuses of functional 
lymph nodes. Round fenestrations of endothelial cells were 
demonstrated at the parenchymal sides of the subcapsular 
sinus walls [13], indicating that the inner endothelial cells 
are used as a route for antigens and/or free cells to pass from 
the lymphatic sinuses to the parenchyma of lymph nodes. 
As IVCT has been used to avoid various technical artifacts, 
such as shrinkage and distortion always caused by conven-
tional preparation methods [10, 14], other dynamic experi-
ments with fluorescent-marker injection are also under 
consideration [15].

10.3  LYVE-1 Immunolocalization in Mouse 
Lymph Node Tissue

The LYVE-1 was immunolocalized in the inner endothelial 
cells and reticular cells of subcapsular sinuses, but not in 
outer ones or in afferent lymphatic vessels, as shown in 
Fig. 10.2. Immunoelectron microscopy also showed 
LYVE-1 in both luminal and basal cell membrane surfaces of 
inner endothelial cells, but immunoreactivity of LYVE-1 
was strongly observed in the luminal sides than that of inner 
sides, as shown in Fig. 10.2j, k. The immunolocalization of 
LYVE-1 was first identified as a lymph-specific receptor for 
hyaluronic acid (HA) [1]. In addition, rather than facilitating 

Fig. 10.1 Light micrographs of hematoxylin-eosin (HE) staining for 
paraffin sections of mesenteric lymph nodes prepared by IVCT followed 
by FS fixation. (a) Lower magnified view of a lymph node showing wide 
areas from the cortex (Co) to medulla (Me). In the cortex, outer (OC) 
and inner (IC) cortices are observed. Cp capsule, ALV afferent lymphatic 
vessel, IS intermediate sinus, LyN lymphatic nodule, and SS subcapsular 
sinus. The deep areas of dotted lines in this lymph node are showing tis-
sue damage caused by ice crystal formation (b). The panels (b), (c), and 
(d) are higher magnified views of three parts shown as rectangles in (a). 

(b) Space of subcapsular sinus (SS) is opening, and the outside is sur-
rounded by a capsule (Cp). Small lymphocytes with dense chromatin in 
nuclei are localized along inner endothelial cells of SS (arrowheads in 
b). (c) An intermediate sinus (IS) is connecting from SS. (d) Medullary 
cords (MeC) and open medullary sinuses (MeS) are clearly observed in 
the medulla of lymph nodes in vivo. Lymphocytes are observed in inter-
mediate and medullary sinuses (arrowheads in c, d). Bars = 100 μm (a), 
50 μm (b–d)
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degradation of HA, it was thought to be involved in HA 
transportation across lymphatic endothelial cells, specifi-
cally movement of accumulated HA from lymphatic sinuses 
to the lymph node parenchyma [7]. The possible roles of the 
lymphatic endothelial cells in HA homeostasis are also mod-
ified with HA binding by sialylation and self-association 
[16]. In addition, it was already shown that injected 
fluorophore- conjugated HA was taken through the endothe-
lial cells of subcapsular sinuses [17]. The flow of lymphatic 
fluid was examined by injection of fluorophore-conjugated 
gelatin into the peritoneal cavity [18], showing its movement 
through endothelial cells to medullary labyrinths. But in the 

previous studies, by using injection of soluble substances 
with different molecular weights, the lymphatic parenchyma 
was impenetrable to those molecules with about 70 kD [19]. 
The IVCT could be used to keep the morphology in situ of 
lymph nodes, and dynamic experiments with fluorescence- 
labeled tracers will be possible to clarify it.

Our findings that the LYVE-1 was present at both luminal 
and basal surfaces of inner endothelial cells and that the 
immunolocalization of LYVE-1 is more strongly observed in 
the apical sides of inner endothelial cells, also interesting to 
note that many small lymphocytes were attached to inner 
endothelial cells in subcapsular sinuses, as shown in 

Fig. 10.2 Hematoxylin-eosin (HE) staining (a, d, g) and LYVE-1 
immunostaining with different concentrations of primary anti-LYVE- 1 
antibody (1:300 in b, e, h and 1:7500 in c, f, i) in serial paraffin sections 
prepared by IVCT-FS (a–c), immersion fixation followed by alcohol 
dehydration (IM-DH; d–f) or perfusion fixation followed by alcohol 
dehydration (PF-DH; g–i). Insets in (b) and (c) are highly magnified 
views of inner endothelial cells shown by the squares. With IVCT-FS, a 
row of lymphocytes along subcapsular sinus (SS) is observed in this area 
(arrowhead in a), compared to IM-DH or PF-DH (arrowheads in d, g). 
The LYVE-1 immunoreactivity is more clearly detected at a 1:7500 pri-

mary antibody dilution in samples with IVCT-FS (c), but it is decreased 
in samples with IM-DH (f) or PF-DH (i). (j and k) Pre-embedding 
immunoelectron microscopy for LYVE-1 in a mesenteric lymph node. 
The LYVE-1 is immunolocalized at both luminal and basal cell mem-
brane surfaces of inner endothelial cells (IE, black arrows) along sub-
capsular sinus (SS), but not in outer endothelial cells (OE, white 
arrowheads). The LYVE-1 is also immunolocalized in some cells in the 
interstitium of capsules (Cp) surrounding SS (white arrow). Co, cortex; 
Cp, capsule; LyN, lymphatic nodule; Ly, lymphocyte; k, higher magnifi-
cation of IE. Bars = 50 μm (a–i), 10 μm (insets of b, c), 2 μm (j, k)
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Fig. 10.2a–c, are well compatible with this functional  concept. 
LYVE-1 immunolocalization is different between inner and 
outer endothelial cells of subcapsular sinuses, probably 
reflecting the different functions for the transportation of HA 
and also the adhesion or migration of CD44-positive lym-
phocytes [6, 16]. Such different features between inner and 
outer endothelial cells were already reported by another his-
tochemical approach for hydrolytic enzymes [20].

10.4  Relation of Type IV Collagen or 
Smooth Muscle Actin and LYVE-1 
Immunopositive Endothelial Cells 
in Subcapsular Sinuses

LYVE-1 was not expressed in outer endothelial cells contact-
ing with type IV collagen and/or smooth muscle cells, as 
shown in Fig. 10.3. This finding is also consistent with a 
study of developing lymph vessels, in which mature lym-
phatic vessels surrounded by smooth muscle cells usually 
reduced the LYVE-1 expression [21]. As it was already 
reported to be expressed in some types of macrophages [22] 

and other cells [23], identification of such cell types in the 
capsules will be another topic for future studies.

10.5  Concluding Remarks

Functioning tissue structures of mesenteric lymph nodes of 
living mice, probably reflecting their living states, were 
clearly described by the IVCT-FS method, and their LYVE-1 
immunolocalization in the subcapsular sinus was also visual-
ized in the inner endothelial cells, not in the outer ones. The 
present figures were already published in our paper, Acta 
Histochem Cytochem (2011) 44:81–90, and cited with their 
permissions.
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Distribution of Immunoglobulin- 
Producing Cells in Immunized Mouse 
Spleens

Sei Saitoh, Nobuo Terada, Nobuhiko Ohno, 
and Shinichi Ohno

Abstract

To identify immunoglobulin (Ig)-producing cells with immunohistochemistry, conventional 
methods of preparation using chemical fixatives have problems such as the artificial diffu-
sion of components and antigen masking. The “diffusion artifact” is caused by the translo-

cation of soluble proteins like Ig from the serum to cytoplasm or vice versa. We have 
examined the immunolocalization of serum proteins, such as Ig kappa light chain (Igκ), 
IgG1 heavy chain (IgG1), and albumin, in immunized mouse spleens after a peritoneal 
injection of human hemoglobin. Better preservation of morphology and immunoreactivity 
was obtained with the “in vivo cryotechnique” (IVCT) followed by freeze-substitution than 
with conventional preparative methods. Although Ig-producing cells were not clearly 
detected in red pulp of 2-day-immunized spleens with the conventional methods, Igκ- 
immunopositive cells with rich cytoplasm were detected in the red pulp with IVCT, espe-
cially in the subcapsular and peritrabecular areas, where IgG1-immunopositive cells were 
rarely observed. In 7-day-immunized spleens prepared with IVCT, Igκ- or IgG1- 
immunopositive cells were mostly located in peritrabeculae. The development of 
Ig-producing cells was clarified in the specimens prepared with IVCT, which proved to be 
useful for analyzing the native morphology and distribution of Ig-producing cells.

Keywords

Antigen masking • Diffusion artifact • Immunohistochemistry • Immunoglobulin-producing 
cell • Living mouse spleen

11.1  Introduction

The chemical fixation and alcohol dehydration processes 
commonly used to prepare tissue sections yield structural 
artifacts such as shrinkage and distortion [1, 2]. Conventional 
immunohistochemical techniques for immunoglobulin (Ig) 
in plasma cells and Ig-producing cells of animal organs have 
several problems, such as molecular “diffusion artifacts” 
[3–5] and antigen masking, with chemical fixation and alco-
hol dehydration. In the present study, we have produced 
immunized mouse spleens and examined whether molecular 
“diffusion artifacts” as well as structural changes of cells and 
tissues can be avoided with “in vivo cryotechnique” (IVCT) 
followed by freeze-substitutionfixation (FS).
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11.2  Morphological Features of Living 
Mouse Spleen

Light microscopic images with HE staining showed a natural 
histology of the spleens in normal living mice (Fig. 11.1). The 
tissue structure of the frozen and freeze-substituted spleens 
could be divided into the classical white pulp and red pulp 
(Fig. 11.1a). By preparing paraffin sections in parallel to the 
frozen spleen surface, well-preserved white pulp was broadly 
obtained in the living mouse spleens with bloodcirculation, 
judging from the few ice crystals formed (Fig. 11.1b, inset). 

In the white pulp, the population density of splenic cells 
clearly differed between the periarterial lymphoid sheath 
(PALS) and germinal center (Fig. 11.1a, b). Large nuclei of 
some splenic cells at the germinal center were weakly stained 
with hematoxylin (Fig. 11.1b), but other smaller nuclei were 
strongly stained in the white pulp, as compared to those in the 
marginal zones (Fig. 11.1c). The red pulp area consists of 
splenic sinuses containing many flowing erythrocytes, which 
were surrounded by splenic cords (Fig. 11.1d, e). Next, we 
will make the evaluation of thenuclear shrinkage of splenic 
cells caused by various fixations.

Fig. 11.1 Light micrographs of hematoxylin–eosin (HE)-stained sec-
tions of normal mouse spleen, prepared with the in vivo cryotechnique 
(IVCT) followed by freeze-substitution (FS). (a) Low-magnified view 
of the white pulp (W) and red pulp (RP). A central artery (arrow), peri-
arterial lymphoid sheath (PALS), and germinal center (GC) are shown 
in the white pulp. (b) A highly magnified image of the rectangular box 
in (a). Weakly hematoxylin-stained nuclei of splenic cells are shown in 

the germinal center (GC), which are further magnified in the inset. (c) 
A marginal sinus (MS) containing many erythrocytes is occasionally 
seen between the white pulp (W) and the marginal zone (MZ). (d) In the 
red pulp, many erythrocytes are densely accumulated. (e) Highly mag-
nified image of the rectangular box in (d). Many flowing erythrocytes 
are clearly observed in the splenic sinus (SS) and splenic pulp (SP). Ca: 
splenic capsule. Bars; 50 μm (a–e) and 10 μm (inset in b)
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11.3  Evaluation of Nuclear Shrinkage 
of the Splenic Cells Caused by IVCT-FS 
and Conventional Fixation Methods

To examine the artificial shrinkage of nuclei during the 
chemical fixation and dehydration steps, the 2-day- 
immunized mouse spleens prepared by the cryotechniques 
were compared with those prepared by conventional 
 chemical fixation and alcohol dehydration. To judge the 
changes in nuclear size, lengths of the major or minor axis of 
nuclei were measured as parameters for statistical analyses. 
(V = 4/3πa2b; a = 1/2 of the minor axis, b = 1/2 of the major 
axis, π = 3.14) [6]. The nuclear volume of specimens pre-
pared with IVCT, PF–QF, FT–QF, PF–DH, and IM–DH was 
59.35 ± 3.37, 46.33 ± 2.78, 55.56 ± 4.26, 29.77 ± 1.52, and 
42.46 ± 3.63 μm3 (mean ± standard error (SE)), respectively, 
showing that both PF–DH and IM–DH induced significant 
shrinkage of nuclei, as compared with IVCT. These findings 

indicate that chemical fixation and alcohol dehydration are 
both responsible for the shrinkage of nuclei in immunized 
splenic cells during tissue preparation.

11.4  Evaluation of Antigen Masking 
and Diffusion Artifact of Ig-Producing 
Plasma Cells Prevented by IVCT-FS

The antigen retrieval effect was assumed to be caused by 
breaks of the cross-linked molecules [7]. The cryofixation 
usually produces tiny ice crystals in the cells and tissues dur-
ing the freezing step, and the formed mesh structures are well 
preserved during the freeze-substitution step without tissue 
shrinkage, enabling easy penetration of antibodies throughout 
the tissues. In the present study, the IVCT methods followed 
by FS improved it without any antigen retrieval treatment, as 
shown in Fig. 11.2a–c. However, Igκ- immunoreactivity of 
some cells in the immunized splenic tissues was not clearly 
detected with the conventional PF–DH, as shown in Fig. 
11.2d–f. Thus, the combination of cryofixation and FS prob-
ably decreased the extent of antigen masking, in addition to 
reducing the diffusion of soluble components.

Two patterns of Igκ immunolocalization were detected in 
the spleens prepared by three different cryotechniques, fol-
lowed with HRP-immunostaining: (1) extracellular matrix 
and (2) cytoplasm of some cells. To clearly categorize these 
patterns, double immunofluorescence staining of Igκ and 
extracellular albumin was performed on the same paraffin 
sections prepared with IVCT, which were observed under a 
confocal laser scanning microscope (Fig. 11.2g–j). No “diffu-
sion artifacts” of immunostaining, such as the penetration of 
albumin into the cytoplasm of some cells, was detected, 
showing that the colocalization of Igκ and albumin was 
observed only in the extracellular matrix, not in the cytoplasm 
of Ig-producing cells (Fig. 11.2i–j). Thus, cryopreparation 

with IVCT did not affect the immunolocalization patterns of 
soluble serum proteins in vivo. Such molecular diffusion in 
animal tissues is inevitable during the chemical fixation and 
alcohol dehydration processes, as was already reported in the 
case of large malignant cells like Reed–Sternberg cells of 
Hodgkin’s lymphoma [3–5]. Therefore, inadequate fixation 
with IM–DH sometimes caused more severe diffusion of sol-
uble serum components. The high- pressure stress during per-
fusion–fixation also changed the permeability of cell 
membranes of living hepatocytes, resulting in the artificial 
diffusion of serum components [8]. Considering these prob-
lems, IVCT is the best way to avoid this “diffusion artifact.”

11.5  Distribution of Ig-Producing Cells 
in Normal or Immunized Mouse 
Spleens

In the normal mouse spleen (day 0), a small number of cells 
immunostained for Igκ and IgG1 were aggregated or scattered 
in the peritrabeculae of red pulp (Fig. 11.3a–c). In the 2-day-
immunized mouse spleen (Fig. 11.3d–f), the white pulp struc-
ture became more irregularly arranged, and marginal zones 
were well developed, as revealed on HE-stained sections (Fig. 
11.3d). Many Igκ-immunopositive cells were located in the 
peritrabeculae and the red pulp under the splenic capsules 
(Fig. 11.3e), where fewer IgG1- immunopositive cells were 
observed (Fig. 11.3f). In the 7-day-immunized mouse spleen 
(Fig. 11.3g–i), tissue structures of both white pulp and mar-
ginal zones became much more irregularly arranged on the 
HE-stained sections (Fig. 11.3g), as compared to those in the 
2-day-immunized mouse spleen (Fig. 11.3d), showing that 
splenic cells usually present in the white pulp were dispersed 
into the red pulp (Fig. 11.3g). At this time, the number of large 
splenic cells with basophilic cytoplasm was increased in the 
peritrabeculae (Fig. 11.3g). Many Igκ-immunopositive cells 
were located in the peritrabeculae and the red pulp (Fig. 
11.3h). Moreover, many more IgG1-immunopositive cells 
were detected in the peritrabeculae (Fig. 11.3i), as compared 
with the 2-day- immunized mouse spleen (Fig. 11.3f).

11.6  Concluding Remarks

Our finding was that Igκ-immunopositive and IgG1- 
immunonegative cells, reflecting early developing B lym-
phocytes, were mainly located in the red pulp along splenic 
capsules and trabeculae. Previous studies indicated that 
PALS was an important locus to promote development of 
Ig-producing cells, but did not show the functional signifi-
cance of capsules and trabeculae in the red pulp. This dis-
crepancy might be due to the easy loss of Ig-immunoreactivity 
in such immature B lymphocytes, as shown in Fig. 11.2a–f, 
indicating that the red pulp is a major functional zone for the 
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Fig. 11.2 Light micrographs of 2-day-immunized mouse spleen tissues, 
prepared with three cryofixation methods. (a)–(c); IVCT. (d)–(f); PF–
DF. The same tissue areas are shown in serial sections stained with HE (a, 
d) and also immunostained for immunoglobulin κ light chain (Igκ) (b, e), 
respectively. The images of rectangular boxes in (b) and (e) are highly 
magnified in (c) and (f), respectively. The Igκ in the specimens prepared 
with IVCT (b, c) is mainly detected in the cytoplasm of Ig-producing cells 
(arrowheads). Notably, it is clearly located in periarterial lymphoid sheath 
(PALS) (inset of a, c) in the living mouse spleen with bloodcirculation, 
prepared with IVCT (a, b, c). The Igκ in the specimens prepared with PF–
DH (c) is weakly detected in the shrunken cytoplasm of smaller splenic 
cells in the red pulp (RP), as compared with those shown in IVCT (b) Bars; 

100 μm (a, b, d, e), 50 μm (c, f inset of a). Confocal laser scanning micro-
graphs of double fluorescence immunolabeling for albumin (g, Alb; green) 
and the immunoglobulin κ light chain (h, Igκ; red) in 2-day-immunized 
mouse spleens, as prepared with IVCT followed by FS. TO-PRO-3 (j, TP3; 
blue) was also used for labeling nuclei. (g) Albumin is detected in the extra-
cellular matrix, but not in the cytoplasm of cells with blood circulation. (h) 
Igκ is mainly detected in the cytoplasm of possible Ig-producing cells 
(arrowheads) and also in the extracellular matrix. (i) Merged double, fluo-
rescence image (Alb + Igκ; yellow) shows the colocalization of albumin and 
Igκ in the extracellular matrix, but not in the cytoplasm of the Ig-producing 
cells. (j) Merged triple fluorescence image (Alb + Igκ + TP3) shows no 
colocalization of albumin, Igκ, and TO-PRO-3 in nuclei. Bars: 30 μm
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Fig. 11.3 Light micrographs of immunized mouse spleens prepared by 
IVCT followed by FS. The same tissue areas are shown on serial sec-
tions stained with HE (a, d, g) and immunostained for Igκ (b, e, h) and 
the immunoglobulin G1 heavy chain (c, f, i). Both Igκ and IgG1 are 
detected in the cytoplasm of Ig-producing cells in the peritrabeculae 
(Ta), and also in sinusoids (insets of b and c; arrowheads) in non- 
immunized condition (day 0). (d) Many basophilic cells (arrowheads) 
are located in the peritrabeculae (Ta). (e) Igκ-immunopositive cells 
(arrowheads) are abundant in the peritrabeculae (Ta) and under the cap-
sule (Ca). (f) IgG1-immunopositive cells are much less abundant in the 

same area. (a) Tissue structures of both white pulp (W) and the mar-
ginal zone (arrowheads) become more irregular, as compared to those 
of the 2-day-immunized mouse spleens (day 2) (g) Some large splenic 
cells with hematoxylin-stained cytoplasm are located in the peritrabec-
ulae corresponding to rectangular box. (h) Many Igκ-immunopositive 
cells (inset, arrows) are grouped in the peritrabeculae (Ta) near 
bloodvessels. (i) Many IgG1-immunopositive cells (inset, arrows) 
are also located in the peritrabeculae (Ta) and red pulp (RP) with 
blood circulation in the 7-day-immunized mouse spleens (day 7). Bars; 
100 μm, RP red pulp, W white pulp
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production of splenic B lymphocytes in the immunized 
mouse spleen. Direct immunolabeling of B lymphocytes has 
been recently detected in germinal centers of mouse lymph 
nodes by two-photon laser scanning microscopy [9]. The 
in vivo immunodetection of Ig-producing cells with fewer 
technical artifacts, as prepared by IVCT, is essential to exam-
ine immunologically functional areas of living spleens, in 
combination with the “in vivo imaging” technique [10].
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      Alteration of Erythrocyte Shapes 
in Various Organs of Living Mice 
or Under Blood Flow Conditions       

     Shinichi     Ohno      ,     Nobuo     Terada    , and     Yasuhisa     Fujii   

    Abstract  

  Dynamic changes in the shape of erythrocytes circulating in large blood vessels and hepatic 
sinusoids of living mice were examined by IVCT. The abdominal aorta, inferior vena cava, 
or liver organs were cryo-cut with a precooled knife in liquid nitrogen (−196 °C), and the 
liquid isopentane-propane cryogen (−193 °C) was simultaneously poured over them for 
additionally freezing. They were routinely freeze-substituted in acetone containing 2 % 
osmium tetroxide. Some specimens were embedded in Quetol 812, and ultrathin sections 
were cut and examined by transmission electron microscopy. Serial ultrathin sections were 
used to reconstruct 3-dimensional images of native erythrocytes. Others were transferred 
into t-butyl alcohol and freeze-dried for scanning electron microscopy. The shapes of circu-
lating erythrocytes appeared to be varied in the abdominal aorta or hepatic sinusoids. To the 
contrary, erythrocytes in the inferior vena cava were approximately biconcave discoid in 
shape. In hepatic sinusoids, fl owing erythrocytes formed variously changing shapes, and 
they were easily changed into discoid shapes under the heart-arrest condition. Moreover, 
electrolyte contents were also changed between two conditions, as revealed by X-ray micro-
analysis, showing low potassium and high sodium within the erythrocytes after the heart 
arrest. Our IVCT was useful for clarifying the in vivo morphology of erythrocytes circulat-
ing in blood vessels.  

  Keywords  

  In vivo cryotechnique   •   Flowing erythrocytes   •   Blood vessel   •   X-ray microanalysis   •   Anoxia  

12.1         Introduction 

 Mammalian  erythrocytes   usually maintain their  biconcave 
discoid    shape   s   in vitro, but they are always changing their 
forms under complicated dynamic conditions in  blood    ves-
sel   s   [ 1 ]. The deformability of  fl owing erythrocyte   s   of living 
animals is an important factor in such a situation. However, 
the morphological appearance of erythrocytes was unknown 
in various blood vessels of  living animal organ   s  , because of 
some limitations in the conventional preparation techniques 
for light or  electron microscopy  . It was also diffi cult to 
directly observe fl owing behaviors of erythrocytes in  large 
blood vessel   s   with their thick blood vessel walls and  hepatic 
sinusoid   s   in solid clumped  liver   organs. Therefore, the con-
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ventional morphological studies with the immersion or  per-
fusion   fi xation method have not revealed the true  functional 
morphology   of  circulating erythrocyte   s   under various  blood 
fl ow   conditions. In the present study, we have used the IVCT 
to examine the behavior of fl owing erythrocytes in living 
mouse organs, such as large blood vessels, in addition to 
hepatic  sinusoids  . So, the abdominal aorta, inferior vena 
cava, and liver organs of anesthetized mice were prepared by 
IVCT, as described before [ 2 ,  3 ]. The frozen organs were 
submitted to the routine  freeze-substitution    fi xation   method 
for scanning or transmission electron  microscopy  .  

12.2     Flowing Erythrocytes in Abdominal 
Aorta and Inferior Vena Cava 

 Three-dimensional shapes of  fl owing erythrocyte   s   in vivo 
appeared to be various at a high-speed fl ow in the abdominal 
aorta, and some  ellipsoidal or curved erythrocyte   s   were 
always observed, as captured by the IVCT (Fig.  12.1a, b ). To 
the contrary, most  erythrocytes   fl owing at a low speed in the 
inferior vena cava usually formed almost  biconcave discoid   
 shape   s   (Fig.  12.1c, d ). For the past years, all of the erythro-
cytes in stored  blood   for human transfusion have been known 
to have the typical biconcave discoid shapes. However, in 
 large blood vessel   s   in vivo, physiological rheology should be 
also considered, in relation to their bulk fl ow [ 4 ]. The arterial 
fl ow was reported to be usually laminar, especially in the 
abdominal aorta [ 5 ]. A high shear rate in a large artery was 
determined by a rapid fl ow velocity, ~100 cm/s [ 6 ]. It thus 
provided a possibility for  erythrocyte   deformation as a result 
of external force stresses. In the present study, many erythro-
cyte shapes were seen to be varied in the aorta, some being 
stretched along the direction of  blood fl ow  . Conversely, a low 
shear rate in venous blood fl ow of the inferior vena cava, 
probably at a velocity of 30 cm/s [ 6 ], resulted in erythrocyte 
shapes approximately with the biconcave discoid.

   In response to the fl uid shear forces,  erythrocytes   were 
easily changed from the resting  biconcave discoid    shape   into 
an  ellipsoid form   and aligned with their long axes parallel to 
the fl uid stream. Such temporary  erythrocyte   deformability 
in  large blood vessel   s   was clearly examined by the present 
IVCT. It is tempting to conclude that the erythrocyte deform-
ability completely differs between the abdominal aorta and 
the inferior vena cava, because hematocrit, plasma viscosity, 
and erythrocyte aggregation are signifi cantly higher in 
venous  blood   than in arterial blood [ 7 ]. Therefore, the eryth-
rocyte deformability in the  blood vessel   s   should be adapted 
to the  blood fl ow   conditions and in relation to their functions 
in oxygen delivery. It has been apparent that the shape and 
elasticity of  fl owing erythrocyte   s   in human diseases are 
important for explaining the etiology of certain pathological 
conditions [ 8 ,  9 ]. Some hemolytic anemias, for example, are 

closely related to increased mechanical fragility of erythro-
cyte membranes [ 10 ], which would be confi rmed in vivo by 
the IVCT.  

12.3     Dynamically Changing of Flowing 
Erythrocyte Shapes in Hepatic 
Sinusoids of Living Mice 

 We have also applied the IVCT to examining the  fl owing 
erythrocyte   shapes in  hepatic sinusoid   s   of  living mouse liv-
er   s   (Fig.  12.1e ), as reported before [ 3 ]. Their morphological 
features were different from those fl owing in the abdominal 
aorta and inferior vena cava, as described above. Some wide 
spaces between  fl owing erythrocytes   with various shapes 
were usually observed in the hepatic  sinusoids   with open 
spaces of Disse (Fig.  12.1e , asterisk). After the artifi cial 
heart arrest, however, they were changed to be congested in 
the sinusoidal lumen (Fig.  12.1f ). Such  erythrocyte   shapes 
were completely different from those in the sinusoids of liv-
ing mouse livers, and most of them appeared to be typical 
 biconcave discoid    shape   s  . Moreover, hepatic sinusoids and 
spaces of Disse between  hepatocytes   and  endothelial cell   s   
were completely collapsed (Fig.  12.1f , asterisk). 

 The  fl owing erythrocyte   s   kept various shapes in  hepatic 
sinusoid   s  , not typical  biconcave discoid    shape   s  , probably 
responding to hemodynamic stresses. In the isotonic physi-
ological solution,  erythrocyte   shapes are generally known to 
be regular and uniform to form the biconcave discoid shapes. 
Some distance between the erythrocyte surface and the  endo-
thelium   has the physiological signifi cance of erythrocyte- 
capillary relationship, resulting in reduction of the diffusion 
distance and increased shear stresses. Moreover, the erythro-
cyte deformation to allow its passage through networks of 
narrow  blood    capillaries   also increases the contact surface of 
the endothelium and  erythrocytes   themselves and effectively 
broadens their surface area for  gas diffusion  . With the eryth-
rocyte deformation, the whole surface structure of erythro-
cytes, including membrane-skeletal proteins under the 
erythrocyte lipid membranes, must be responsible for con-
stantly fl owing through the narrow  blood vessel   s   [ 11 ,  12 ].  

12.4     Element Detection of Flowing or 
Congesting Erythrocytes in Hepatic 
Sinusoids by X-Ray Microanalysis 

 The IVCT was already developed for examining the  erythro-
cyte   shapes fl owing in  large blood vessel   s   and  hepatic sinu-
soid   s   of living mice, as described above [ 2 ,  3 ]. However, 
there has been no report about  electrolyte concentration   s   of 
 erythrocytes   in vivo under  blood    fl ow  ing conditions. 
Recently, the variable pressure SEM has been often used to 
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  Fig. 12.1    Scanning electron micrographs of  fl owing erythrocyte   s   in 
abdominal aorta ( a ) and inferior vena cava ( c ) of living mice, in addi-
tion to both images reconstructed by serial ultrathin sections ( b ,  d ) 
under the  normal blood fl ow   condition, as prepared by IVCT.  Bars : 
5 μm. ( a ) and ( b ) Flowing  erythrocytes   in the abdominal aorta appear 
to be various in shape (R), and some of them are stretched into ellip-
soidal shapes ( arrows ). ( c ) and ( d ) Flowing erythrocytes in the infe-
rior vena cava are mostly resembling the typical  biconcave discoid   

 shape   s   (R). ( e ) and ( f ) Scanning electron micrographs of erythrocytes 
in  hepatic sinusoid   s   of mice under normal  blood    fl ow   ( e ) or  heart-
arrest   ( f ) condition, as prepared by IVCT.  Bars : 1 μm. ( e ) In a freeze-
fractured  sinusoid  , fl owing erythrocytes are seen to be variously 
shaped (R).  Asterisks , open space of Disse. ( f ) Under the  heart-arrest 
condition  , erythrocytes are aggregated in the collapsed sinusoid to 
form the typical biconcave discoid shapes (R).  Asterisks , collapsed 
space of Disse       
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observe hydrated and uncoated biological specimens. In the 
present study by using the IVCT combined with the common 
 freeze-drying    method  , we have examined the uncoated 
erythrocyte morphology and electrolyte elements of 
 sinusoidal erythrocytes under the  normal blood fl ow   or  heart-
arrest    condition   by the variable pressure SEM equipped with 
 X-ray microanalysis   system. 

 The mice were anesthetized with sodium pentobarbital, 
and their  liver   organs were routinely prepared by the IVCT, 
as described before [ 3 ]. The frozen liver tissue surface was 
routinely freeze-fractured with another  cryoknife   in the liq-
uid nitrogen, as reported before [ 3 ]. The specimens were 
then freeze-dried at −95 °C in a freeze-etching apparatus 
(10 −5  Pa) for 24 h, as reported before [ 13 ,  14 ]. The freeze- 
dried specimens were gradually warmed up to room temper-
ature. They were attached onto carbon plates by using 
graphite-containing resin, and some were coated with carbon 
alone. They were fi nally analyzed by Hitachi S-4300 SEM or 
S-3000 N variable pressure SEM equipped with  X-ray 
microanalysis   system (accelerating voltage; 10 kV,  vacuum   
condition; 30 Pa, illumination current; 50 μA, analytical 
time; 950 s), or conventional S-4500 SEM (Hitachi High- 
Technologies Corporation, Tokyo, Japan) at an accelerating 
voltage of 10 kV. The analyzed elements were Na (sodium), 
P (phosphorus), S (sulfur), Cl (chloride), and K 
(potassium). 

 Figure  12.2a  shows the freeze-fractured  liver   tissues of 
living mice under  normal blood fl ow   condition, as observed 
by the variable pressure SEM. Three-dimensional natural 
images of  hepatocytes   in living mice and various shapes of 
 fl owing erythrocyte   s   in  hepatic sinusoid   s   were easily 

detected without any metal coating. Small oval-shaped cell 
organelles were faintly seen in the cytoplasm of hepatocytes 
(Fig.  12.2a , arrows). The  X-ray microanalysis   data of fl ow-
ing  erythrocytes   were obtained under the normal  blood    fl ow   
condition (Fig.  12.2b ). The highest  potassium peak   was seen 
at the right side, and the lower  sodium peak   was observed at 
the left side. To the contrary, Fig.  12.2c  shows another freeze- 
fractured liver tissue of mice under the  heart-arrest    condi-
tion  . Some erythrocytes with  biconcave discoid    shape   s   were 
congested in the sinusoidal spaces because of stopping blood 
fl ow. The spaces of Disse were slightly detected (Fig.  12.2c , 
arrows). The X-ray microanalysis data of erythrocytes were 
similarly obtained under the heart-arrest condition 
(Fig.  12.2d ). The potassium peak was relatively decreased, 
but the sodium peak was slightly increased, probably because 
of  anoxia   condition. Other phosphorus, sulfur, and chloride 
elements were relatively at the similar peak level under both 
conditions (Fig.  12.2b, d ).

   Elemental changes of  fl owing erythrocyte   s   in  hepatic 
sinusoid   s   of mouse  liver   tissues have been clarifi ed under the 
different  hemodynamic condition   s   by the variable pressure 
SEM with  X-ray microanalysis  . The IVCT in combination 
with the variable pressure SEM would be a powerful tool for 
analyzing the biological samples with less  technical artifact   s   
of diffusion or extraction about atomic elements of cells and 
tissues in  living animal organ   s  . Some  microenvironmental 
condition   s   against fl owing  erythrocytes   in hepatic  sinusoids   
of living mice may cause dynamically functional changes of 
 ion transport system   s   of  erythrocyte   membranes, which are 
also related to their morphological changes, as revealed in 
the present study.     

  Fig. 12.2    ( a ) Scanning electron micrographs of freeze-fractured 
 hepatic sinusoid   s   of living mice under  normal blood fl ow   condition, 
which were examined by the variable pressure SEM. Images of  liver   
tissues without any metal coating were obtained with backscattered 
electron beams. Flowing  erythrocytes   with various shapes are observed 
in the hepatic  sinusoids   (S). Freeze-fractured  hepatocytes   (H) are also 
observed and some cell organelles can be detected in their cytoplasm 
( arrows ).  Bars : 5 μm. (b)  X-ray microanalysis   data of  fl owing erythro-

cyte   s   ( a ,  asterisk ) under the normal  blood    fl ow   condition. The  potas-
sium peak   (K) is the highest, and the left  sodium peak   (Na) is the 
lowest. ( c ) In hepatic sinusoids (S) of the  heart-arrest  ed mouse, eryth-
rocytes are aggregated to each other, but the space of Disse is still 
observed ( arrows ). ( d ) X-ray microanalysis data of erythrocytes ( aster-
isk ) in the heart-arrested mouse liver. The potassium peak (K) is clearly 
decreased in comparison with that of the normal blood fl ow, but the 
sodium peak (Na) is relatively increased       
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      Dynamic Ultrastructure of Smooth 
Muscle Cells in Dystrophin-Deficient 
mdx or Normal scn Mice       

     Shinichi     Ohno     

    Abstract  

  Duodenal smooth muscle cells of normal scn mice and dystrophin-defi cient mdx mice were 
prepared by the in vivo cryotechnique (IVCT). The IVCT revealed more realistic ultrastruc-
tures of functional smooth muscle cells in both scn and mdx mice. In the scn mice, they 
were surrounded by compact extracellular matrix and had large gap junctions and closed 
caveolae with electron-dense contents. In the dystrophic mdx mice, however, the extracel-
lular matrix was often torn off from the surface of the smooth muscle cells. The dystrophic 
mdx mouse had smooth muscle cells equipped with small gap junctions and uneven dense 
plaques in comparison with the normal scn mouse. They were surrounded with some 
incomplete basal lamina. The dystrophic smooth muscle cells also represented the atypical 
arrangement of caveolae, which were fusing together with neighboring caveolae. Such 
ultrastructural changes were mainly seen in the regions of caveolae, suggesting that a pri-
mary cause of the smooth muscle injury might be induced by the lack of normal arrange-
ments of functional cell membranes.  

  Keywords  

  Smooth muscle cell   •   Dystrophin-defi cient mouse   •   In vivo  cryotechnique     •   Basement 
membrane   •   Caveolae  

13.1         Introduction 

  Dystrophin  , the product of the Duchenne muscular dystro-
phy (DMD) gene, is present in all muscle types in normal 
individuals [ 1 ]. Its absence or the presence of incomplete 
version of the protein is responsible for the appearance of 
human DMD. The dystrophic  mdx mice   also lack dystrophin 
due to an X-linked mutation as well as the human DMD [ 2 ]. 
In striated muscles, the DMD patients present extensive and 
progressive  skeletal muscle    necrosis   and the development of 
a life-threatened dilated cardiomyopathy [ 1 ]. Normal dystro-

phin expression in  smooth muscle cell   s   is similar to that 
observed in the striated muscle, and it disappears in DMD 
patients [ 3 – 5 ]. Dystrophin binds the fi lamentous  actin cyto-
skeleton   s   and is normally expressed in a complex of  trans-
membrane protein   s   that interact with external components of 
the  basal lamina   [ 6 ,  7 ]. This complex forms a structural 
bridge between the external basal lamina and the internal 
cytoskeletons, and the absence of dystrophin produces a 
defect in the membrane structural support that renders the 
skeletal muscle susceptible to ruptures of cell membranes 
during the course of contractile activity [ 1 ]. In fact, it was 
reported that normal myotubes were about fourfold stiffer 
than myotubes cultured from mdx mice [ 8 ]. 

 In the smooth muscle, the  basal lamina   serves a mechani-
cal role in the transmission of force. It could be also regarded 
as constituting intramuscular microtendons, and the complex 
is an important region for the force transduction [ 9 ]. On the 
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other hand, cell membranes of the  smooth muscle cell   dis-
play two alternating structural domains at the electron 
 microscopic level: (1) densely staining plaques that corre-
spond to the adherens junctions and (2) intervening uncoated 
regions which are rich in membrane invaginations of  caveo-
lae   [ 10 ]. This simple bipartite domain organization of cell 
membranes in the smooth muscle contrasts with the more 
complex organization of those in the  skeletal muscle  . A 
number of molecules including  caveolin  , Ca 2+ -ATPase, and 
IP3 receptor-like protein have been reported to be localized 
at caveolae [ 11 ], which suggests their role in diverse cyto-
plasmic processes such as signal transduction. The dystro-
phin is also specifi cally localized in the caveolae-rich 
domains of cell membranes in the smooth muscle, together 
with caveolin [ 10 ,  11 ]. The aim of this chapter is to describe 
pathological changes of the  smooth muscle cells   of  mdx 
mice  , prepared by IVCT [ 12 ], at an ultrastructural level.  

13.2     Different Ultrastructures 
of Contracting Smooth Muscle Cells 
Between mdx and scn Mice 

 Intestinal organs of normal scn mice or dystrophin-defi cient 
 mdx mice   under pentobarbital anesthesia were surgically 
exposed in their abdomen and put on a thin plastic plate. The 
IVCT was similarly performed, as described previously [ 12 ]. 
Some of the frozen specimens were routinely freeze- 
substituted in acetone containing 2 %  osmium tetroxide   and 
embedded in epoxy resin. Ultrathin sections were cut, stained 
with uranium acetate and lead citrate, and observed with 
TEM. In the specimens of normal living mice,  smooth mus-
cle cell   s   in outer muscle layers of intestines were located 
close to each other, and their spontaneous contraction could 
be often observed in some areas of the cytoplasm (Fig.  13.1a, 
b ). To the contrary, irregularly shaped  caveolae   and fusion of 
several caveolae could be more often seen in the mdx mice 
than those in the normal mice (Fig.  13.1c ). Additionally, 
intercellular spaces between smooth muscle cells were 
enlarged (Fig.  13.1c ), and extracellular matrices were par-
tially disrupted under the muscle contracting condition in the 
specimens obtained from the dystrophin-defi cient mdx mice 
(Fig.  13.1d ).

13.3        Signifi cant Meaning of Smooth 
Muscle Cells in the mdx Mice 

 In the present study, ultrastructural changes of the  smooth 
muscle cell   s   of  mdx mice   were clearly revealed by IVCT. It 
was suggested that dystrophin defi ciency induced impair-
ment of normal cell morphology, not only in the striated 
muscles but also in the smooth muscle cells. In dystrophic 
mammals, histopathological changes have been less exam-
ined in smooth muscle cells in comparison with the striated 
muscles [ 4 ,  5 ]. In the present study, smooth muscle cells with 
an appearance of typical  necrosis   or  apoptosis   could not be 
identifi ed among thousands of examined muscle cells of the 
mdx mice. The reason why almost smooth muscle cells sur-
vive without normal dystrophin expression is still unknown, 
but there are some possibilities as follows. The elevation of 
the free  cytosolic Ca 2+  concentration  , a potential trigger to 
induce cell necrosis, was revealed in the mdx  skeletal muscle   
[ 13 ]. To the contrary, as measured with the fl uorescent Ca 2+  
indicator fura-2, cytosolic Ca 2+  concentration is not elevated 
in resting smooth muscle cells of mdx mice [ 14 ]. The main-
tenance of intracellular Ca 2+   metabolism   may contribute to 
keep homeostasis of the smooth muscle cells of the mdx 
mice [ 15 ].  

13.4     Morphological Merits of IVCT 
for Functioning Smooth Muscles 

 In the present study, we have used our IVCT, which makes it 
possible to observe the morphology of dynamic cells in 
anesthetized animals [ 12 ]. We have already noticed that 
ultrastructures obtained from the specimens prepared by the 
conventional preparation methods contained lots of inevita-
ble  technical artifact   s  . In the other words, “normal” ultra-
structures obtained by the standard  electron microscopy   are 
not “natural” ones. Indeed, even in the  smooth muscle cell   s   
of the normal scn mice, the conventional ultrastructural fea-
tures, such as opening electron-lucent  caveolae  , short  gap 
junction   s  , and so-called  basal lamina  , are defi nitely different 
from those obtained by the IVCT. The IVCT produced a 
very compact  extracellular matrix   between closely spaced 
smooth muscle cells in the scn mice. In contrast, dramatic 

  Fig. 13.1    Electron micrographs of intestinal  smooth muscle cell   s   in 
normal scn mice ( a ,  b ) and dystrophin-defi cient  mdx mice   ( c ,  d ). They 
were prepared by the “ in vivo cryotechnique  ” (IVCT), followed by 
 freeze-substitution   and embedding in epoxy resin. ( a ) and ( b ) The inter-
cellular matrix between contracting smooth muscle cells (SM1, SM2) is 
tightly attached to each other in the normal scn mice ( large arrows ). 
 Inset , non-contracting smooth muscle cells.  Small arrows ,  caveolae  . 
 M  mitochondria. ( c ) The intercellular spaces between smooth muscle 

cells are widely dilated in the dystrophin-defi cient mdx mice ( large 
arrows ), as compared with those of the normal scn mice. SM1, SM2, 
and SM3, smooth muscle cells. Additionally, irregularly shaped or 
fusing caveolae are also seen in smooth muscle cells of the mdx mice 
( small arrows ). ( d ) They are more widely dilated in the contracting 
smooth muscle cells of the mdx mice (large arrows).  M  mitochondria. 
 Small arrows , caveolae.  Bars : 0.5 μm       
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changes of  basement membrane   s   in the  mdx mice   were also 
clearly revealed by the IVCT. The extracellular matrix or 
basal lamina has been suggested as intramuscular microten-
dons that provide mechanical support during contractions of 
the smooth muscle layer. Although the extracellular matrix 
in the normal scn mice was revealed by the IVCT, showing 
a tighter and more compact arrangement between adjacent 
smooth muscle cells, the intramembrane protein dystrophin 
has a role to connect extracellular matrix to the cell mem-
brane of smooth muscle cells. The extracellular matrix was 
easily torn off from the smooth muscle cells in the mdx 
mice, because of impaired molecular functions of dystro-
phin to maintain compact structures of smooth muscle lay-
ers. Such impairment should affect the force transmission 
within the extracellular matrix as “microtendons” and may 
decrease the substantial force of the contraction of the 
smooth muscle layers [ 9 ].  

13.5     Concluding Remarks 

 Thus, the IVCT has revealed morphological features of 
spontaneously contracting  smooth muscle cell   s   in the normal 
living mouse intestine and clarifi ed their clear difference of 
 extracellular matrix   and  caveolae   from those in the 
dystrophin- defi cient  mdx mice  .     
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      Dynamic Bioimaging of Serum Proteins 
in Beating Mouse Hearts       

     Liye     Shi    ,     Nobuo     Terada    ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno     

    Abstract  

  In vivo cryotechnique (IVCT) was performed for diastolic heart tissue under the condition 
of monitoring with electrocardiogram (ECG). Other mouse hearts were prepared with con-
ventional perfusion-fi xation (PF-DH) or immersion-fi xation followed by dehydration (IM- 
DH) and quick-freezing of resected heart tissues (FQF). Immunolocalizations of albumin, 
immunoglobulin G1 (IgG1), intravenously injected bovine serum albumin (BSA), and con-
nexin 43 were examined after different intervals of BSA injection. In the case of IVCT, the 
exact stop time of beating mouse hearts was recorded by ECG. Both albumin and BSA were 
well preserved in intercalated disks and T tubules of cardiomyocytes in addition to blood 
vessels and interstitial matrices. IgG1 was immunolocalized in interstitial matrices of heart 
tissues in addition to their blood vessels. IVCT has proved to be more useful for the mor-
phofunctional examination of dynamically changing heart tissue than conventional prepara-
tion methods.  

  Keywords  

  In vivo  cryotechnique     •   Serum protein   •   Microenvironment   •   Mouse heart tissue  

14.1         Introduction 

 In the present study, we have morphologically and immuno-
histochemically examined  living mouse heart   tissues moni-
tored by  electrocardiogram  , as prepared with IVCT, and 
mainly focused on the  immunolocalization   of various  serum   
 protein   s   that contribute to the homeostasis of the  microenvi-
ronment   around the  cardiomyocyte   s  . In addition, we have 
described the time-dependent double immunolocalizations 
of intrinsic or extrinsic serum proteins at different time inter-
vals after the  bovine serum albumin   (BSA) injection.  

14.2     Experimental Design and Tissue 
Preparation 

 Male C57BL/6J mice, aged 6–8 weeks, were prepared by 
IVCT method (Fig.  14.1d ) [ 7 ]. Other conventional prepara-
tion methods were also used (Fig.  14.1a–c ), including 
IM-DH or PF-DH [ 10 ] and FQF [ 5 ,  6 ]. Mice prepared with 
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IVCT were divided into several experimental groups and a 
control group. In the experimental groups, 50 μl of 100 mg/
ml BSA with low endotoxin in sterile saline was injected 
via tail veins into the anesthetized mice. After BSA injec-
tion, IVCT was performed at different time intervals of 
5 min, 30 min, 4 h, 8 h, and 48 h (Fig.  14.1d ). For another 
experiment, 50 μl of 4 mg/ml or 100 mg/ml BSA was simi-

larly injected into mice and IVCT was also performed at 
4-h time intervals before  cryofi xation   [ 1 ,  8 ]. In the control 
group, mice were prepared without BSA injection or only 
with an injection of 50 μl of physiological saline. All these 
mice were automatically monitored using an  electrocardio-
gram   (ECG) apparatus (Fig.  14.2 ) when IVCT was 
performed.

perfusion-fixation Alcohol dehydration Paraffin embedding

Immersion-fixation

Quick-freezing

Normal mice

Saline injection

BSA injection (50mg/ml, 4mg/ml)

BSA injection (100mg/ml)

In vivo cryotechnique

fresh resected tissue
Living mouse
hearts Freeze-substitution

4h

5min, 30min, 4h, 8h, 48h

b

c

d

  Fig. 14.1    A fl ow chart of 
different experimental 
procedures, including 
 perfusion  - fi xation   ( a ), 
 immersion- fi xation     ( b ), 
 quick-freezing   ( c ), and  in 
vivo cryotechnique   ( d ) for 
 living mouse heart  s       

  Fig. 14.2    A schematic 
drawing shows how to 
perform “ in vivo 
cryotechnique  ” (IVCT) 
for  living mouse heart   
with monitoring 
 electrocardiogram   (ECG) 
( a ). Beating heart of an 
anesthetized mouse on a 
small animal respirator is 
exposed after opening the 
thoracic cavity, which is 
cryofi xed by pouring 
 isopentane  -propane  cryogen   
(−193 °C) precooled in 
liquid nitrogen ( b ). An 
example of ECG shows 
typical  P ,  Q ,  R ,  S , and  T  
points, and the exact time 
of stopping with IVCT is 
indicated by an  arrow        
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14.3         Immunohistochemistry of Serum 
Proteins 

 Paraffi n sections of about 3 μm thick were routinely deparaf-
fi nized and stained with hematoxylin-eosin (HE). The other 
deparaffi nized sections were stained with immunoperoxidase- 
DAB methods for each  antibody  . The primary  antibodies   
were goat or rabbit anti- mouse albumin  , goat anti-mouse 
 immunoglobulin    G   1   ( IgG1  ), sheep anti-BSA, and rabbit 
anticonnexin 43 antibodies. The secondary antibodies were 
biotinylated anti-goat  IgG  , biotinylated anti-rabbit IgG, and 
biotinylated donkey anti-sheep IgG antibodies [ 3 ]. For 
immunofl uorescence staining of the  albumin  , IgG1, and  con-
nexin 43  , the secondary antibodies were Alexa Fluor 
488-conjugated donkey anti-goat IgG and Alexa Fluor 
594-conjugated donkey anti-rabbit IgG antibodies, which 
were incubated together with TOPRO-3. For the immuno-
fl uorescence staining of BSA, the tissue sections were visu-
alized using Alexa Fluor 546-conjugated streptavidin after 
incubation with primary sheep anti-BSA antibody and bioti-
nylated donkey anti-sheep IgG antibody. 

 All the immunostained sections were embedded in glyc-
erol or VECTASHIELD, and their light micrographs were 
taken using either a light microscope or a  confocal laser   
scanning  microscope  .  

14.4     Semiquantitative Analyses 
of Immunoreaction Intensity 

 For the semiquantitative analyses of  IgG1   immunoreactivity 
as reported previously [ 12 ], 20 micrographs of heart tissue 
immunostained for IgG1 were randomly selected from the 
4-h BSA injection group and the normal group or four differ-
ent preparation method groups. The immunoreactivity in 
their  blood    vessel   s  , interstitial matrices, and  cardiomyocyte   s   
was classifi ed into fi ve categories, which were negative (−), 
unclear (±), immunopositive (+), moderately immunoposi-
tive (2+), and strongly immunopositive (3+), by three inves-
tigators under a light microscope. Such semiquantitative data 
of IgG1 immunoreactivity were statistically analyzed by the 
nonparametric Kruskal-Wallis H-test using SPSS 11.5 soft-
ware for Windows. A score of  P  < 0.05 was considered to 
constitute a signifi cant difference between the control and 
different experimental groups.  

14.5     Morphological Analyses of Heart 
Specimens 

 As shown in Fig.  14.3a  with IVCT, the  blood    vessel   s   are clearly 
open and contain  fl owing erythrocyte   s  . However, with FQF 
(Fig.  14.3b ),  erythrocytes   are aggregated in the blood vessels of 
the resected heart tissue owing to loss of blood pressure. With 

PF-DH, no erythrocytes are seen in the widely opened blood 
vessels (Fig.  14.3c ), although, with IM-DH, erythrocytes are 
seen in the collapsed blood vessels (Fig.  14.3d ).

   In specimens prepared with IVCT, immunoreactivity of 
 albumin   was detected not only in the  blood    vessel   s   but also 
on the lateral side among the  cardiomyocyte   s   representing 
the interstitial matrices. It was also detected in the interca-
lated disks and T tubules of cardiomyocytes (Fig.  14.3e ). 
The  immunolocalization   of albumin observed with FQF was 
similar to that with IVCT (Fig.  14.3f ), showing that it was 
detected in the intercalated disks and T tubules of cardio-
myocytes in addition to the blood vessels and interstitial 
matrices. In contrast, in specimens prepared with PF-DH 
(Fig.  14.3g ), the immunoreactivity of albumin became 
obscure in all parts. Some albumin was washed out from the 
blood vessels or the  interstitium   and some got into the cyto-
plasm of some cardiomyocytes, showing  diffusion artifact   s   
because of  perfusion   pressure (Fig.  14.3g , curved arrow). In 
specimens prepared with IM-DH (Fig.  14.3h ), less albumin 
was seen in the intercalated disks and T tubules of cardio-
myocytes. Semiquantitative analyses of  serum    albumin   
immunoreactivity among the four different preparation 
methods were carried out for the immunostained heart tissue 
of normal mice (Table  14.1 ).

14.6        Immunolocalization of Serum 
Proteins in Living Mouse Heart Tissue 

 With IVCT, the exact stopping time of a  beating heart   was 
accurately recorded by ECG (Fig.  14.4a ), refl ecting the 
living heart morphology at the time of freezing. In the 
present study,  albumin   passed across the vascular  endothe-
lium   into the  interstitium   (Fig.  14.4c ), and  IgG1   also 
passed across the vascular endothelium and immunolocal-
ized in the interstitium in addition to the  blood    vessel   s   
(Fig.  14.4d ). Furthermore,  serum    albumin   also got into the 
intercalated  dis  ks and T tubules of  cardiomyocyte   s   
(Fig.  14.4c ). In addition,  connexin 43   was clearly immuno-
localized at  gap junction   s   distributed in the intercalated 
disks (Fig.  14.4e ).

   Double immunofl uorescence staining for  albumin   and 
 IgG1   revealed that albumin was immunolocalized in the 
intercalated disks and T tubules (Fig.  14.5a–d ) and that both 
albumin and IgG1 were also immunolocalized in both the 
 blood    vessel   s   and  interstitium  . Double immunofl uorescence 
staining for albumin and  connexin 43   (Fig.  14.5e–h ) revealed 
that the albumin was detected close to connexin 43, without 
overlapping with it, which represents the intercalated disk at 
the longitudinal terminal of the  cardiomyocyte   s   [ 11 ]. Double 
immunofl uorescence staining for connexin 43 and IgG1 
revealed that IgG1 was not immunolocalized in the interca-
lated disk (Fig.  14.5i–l ). They were more clearly shown at 
higher magnifi cation (Fig.  14.5d, h, l ).
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14.7        Time-Dependent 
Immunolocalizations of Albumin 
and  IgG1   After BSA Injection 

 With the saline injection, BSA immunoreactivity was not 
detected in  living mouse heart   tissue (Fig.  14.6d ). At 5 min 
after BSA injection, BSA was immunolocalized only in the 
 blood    vessel   s   (Fig.  14.6h ). At 30 min, it was immunolocal-
ized both in the blood vessels and  interstitium   and in interca-
lated disks and T tubules of  cardiomyocyte   s   (Fig.  14.6l ), in a 
pattern similar to that of  albumin   (Fig.  14.6j ). At 48 h, it 
disappeared from the intercalated disks, T tubules, and also 

the interstitium and was only immunolocalized in the blood 
vessels (Fig.  14.6x ).  IgG1   was also slightly immunolocal-
ized in the intercalated disks at 4 h after the BSA injection 
(Fig.  14.6o ) and recovered to its normal  immunolocalization   
of mouse heart tissue at 8 h (Fig.  14.6s ). Semiquantitative 
comparison among relative immunoreactivities of albumin, 
BSA, and IgG1 in different areas of the heart tissue was per-
formed for normal mice and the mice with different BSA 
injections (Table  14.2 ). Semiquantitative analyses of IgG1 
immunoreactivity in different areas of the heart tissue were 
also performed in normal mice and the 4 h BSA injection 
mice (Table  14.3 ). The recorded ECGs were fi rst compared 

  Fig. 14.3    Light micrographs of hematoxylin-eosin staining (HE;  a – d ) and immunostaining for  serum    albumin   (Albumin;  e – h ) on serial sections 
prepared by IVCT ( a ,  e ), FQF ( b ,  f ), and PF-DH ( c ,  g ) or IM-DH ( d ,  h ).  Bar  = 20 μm       

   Table 14.1    Semiquantitative comparison among immunoreactivities of  serum    albumin   in mouse heart tissues with different preparation 
methods   

 IVCT  FQF  PF-DH  IM-DH 

  Blood vessel    2+  +  ±  + 

 Interstitium  2+  +  − ~+  ± 

 Intercalated disk  2+  +  − ~+  − ~+ 

 T tubule  +  +  − ~+  − ~+ 

 Cytoplasm of  cardiomyocyte    −  −  − ~+  ± 

  Negative, (−); unclear, (±); immunopositive, (+); moderately immunopositive, (2+)  
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between the experimental and control groups to check 
whether there were any changes of electrical impulses after 
the BSA injection. As shown in Fig.  14.6y –aa, there were no 
signifi cant differences between BSA injection samples.

     The BSA was immunolocalized only in  blood    vessel   s   at 
5 min after BSA injection (Fig.  14.7a, c ). At 30 min, it was 

immunolocalized in the blood vessels,  interstitium  , and both 
the intercalated disks and T tubules of  cardiomyocyte   s   
(Fig.  14.7d, f ), in the same pattern as that of mouse  serum   
 albumin  . At higher magnifi cation (Fig.  14.7f : inset), the BSA 
was closely immunolocalized in the intercalated disks with 
 connexin 43  . At 48 h, it was immunolocalized only in the 

  Fig. 14.4    Light micrographs of serial sections of mouse heart tissues 
prepared by IVCT. They were stained with hematoxylin-eosin (HE;  b ) 
or immunostained for  albumin   ( c ),  immunoglobulin    G   1   ( IgG1  ;  d ), and 

 connexin 43   ( e ). By  electrocardiogram   ( a ), the exact stopping time of a 
diastolic heart is accurately recorded, refl ecting its living morphology 
( b ).  Bar  = 20 μm       
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blood vessels and disappeared from the interstitium, interca-
lated disks, and T tubules (Fig.  14.7g , i).

14.8        Discussion 

 As the dynamic  microenvironment   around the  cardiomyo-
cyte   s   is closely associated with the transduction of electrical 
signals and mechanical contraction or relaxation coupling 
between them at intercalated disks [ 4 ], the histopathological 
characteristics of such a microenvironment are more signifi -
cant for indicating the physiological and pathological states 
of the  beating heart   than was previously thought. The present 
immunohistochemical fi ndings with ECG monitoring sug-
gest that the new IVCT could prevent the common artifi cial 
changes in cells and tissues due to  ischemia   and  anoxia   and 
could contribute to morphofunctional and immunohisto-
chemical examinations of a  living mouse heart  , as shown in 
Fig.  14.3 . 

 The intercalated disks between individual  cardiomyo-
cyte   s   are a main site of their interconnection and possess 
considerable functional signifi cance in terms of the mecha-
nism of contraction or relaxation of the total myocardium 
[ 2 ]. Although many studies have been reported to describe 
the characterization of the intercalated disks, little convinc-
ing data have been provided as to whether  soluble compo-
nent   s   in vivo can freely pass through the intercalated disks of 
living animal hearts and create the extracellular  microenvi-
ronment   around the functioning cardiomyocytes. The pres-
ent study with IVCT is the fi rst to immunohistochemically 
demonstrate the localization of endogenous  serum    protein   s   
with different molecular sizes at the intercalated disks of the 
 beating heart  s in situ and also to indicate more clearly the 
effect of BSA injection on serum components in the extracel-
lular microenvironment. In the present study, it was shown 
that mouse  serum albumin   of about 69 kDa molecular weight 
was translocated across the vascular  endothelium   into inter-
stitial matrices of  living mouse heart   tissue in addition to its 

  Fig. 14.5    Confocal laser scanning micrographs of double immunofl uorescence staining for  albumin   ( red ) and  IgG1   ( green ) ( a – d ), albumin ( red ) 
and  connexin 43   ( green ) ( e – h ), and connexin 43 ( red ) and IgG1 ( green ) ( i – l ) in  living mouse heart   tissues with IVCT.  Bars  = 10 μm       
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  Fig. 14.6    Light micrographs of HE-stained heart sections with IVCT 
after saline injection ( a ) or at various times after the BSA injection ( e ,  i ,  m , 
 q ,  u ). Serial sections are immunostained for  albumin   ( b ,  f ,  j ,  n ,  r ,  v ),  IgG1   

( c ,  g ,  k ,  o ,  s ,  w ), and BSA ( d ,  h ,  l ,  p ,  t ,  x ). ( y )–(aa)  Arrows  in ECG show 
the exact times of freezing hearts with IVCT at 5 min ( y ), 4 h ( z ), and 48 h 
(aa) after the BSA injection, showing early diastolic phases.  Bar  = 20 μm       
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  Fig. 14.7    Confocal laser scanning micrographs of double immunofl u-
orescence staining for BSA ( a ,  d ,  g ;  red color ) and  connexin 43   ( b ,  e ,  h ; 
 green color ) on the sections of mouse heart tissues prepared by IVCT at 

5 min ( a – c ), 30 min ( d – f ), and 48 h ( g – i ) after the BSA injection. 
 Bars  = 10 μm       

   Table 14.3    Semiquantitative 
comparison of relative  IgG1   
immunoreactivity in different 
areas of  living mouse heart   tissues   

 −  ±  +  2+ 

  Blood vessels      

   Normal  0  0  0  20 

   BSA injection 4 h  0  0  0  20 

 Interstitium 

   Normal  0  5  15  0 

   BSA injection 4 h  0  2  18  0 

 Intercalated disk 

   Normal  20  0  0  0 

   BSA injection 4 h  0  12  8  0 

  Negative, (−); unclear, (±); immunopositive, (+); moderately immunopositive, (2+) 
 * P  < 0.05  
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localization within the  blood    vessel  . It was also immunolo-
calized at the intercalated disks of cardiomyocytes and their 
T tubules under normal  blood circulation  . Then, we con-
fi rmed that the exogenous BSA also crossed the vascular 
endothelium into the  interstitium   of living mouse hearts and 
entered the intercalated disks and T tubules of cardiomyo-
cytes 30 min after BSA injection. The  distribution   in vivo of 
its own serum  albumin   in the interstitium, intercalated disks, 
and T tubules of living mice heart tissues indicated that the 
 mouse albumin   might be one of the components that support 
the extracellular microenvironment around each cardiomyo-
cyte of the functioning heart. 

  IgG1   of about 150 kDa molecular weight was also translo-
cated across the vascular  endothelium   into the  interstitium   of 
 living mouse heart   tissue. Although one previous morphologi-
cal study clarifi ed the nitrated  albumin   transport across the 
continuous vascular endothelium [ 9 ], the present study with 
IVCT showed the  immunolocalization   of such intermediate- 
sized  serum    protein   s  , IgG1, in the living mouse heart intersti-
tium [ 10 ]. In addition, compared with  serum albumin  , the 
larger IgG1 could not enter either the intercalated disks or the 
T tubules of  cardiomyocyte   s   under normal  blood    circulation   
conditions. These immunohistochemical differences of serum 
proteins after BSA injection indicated that the molecular sizes 
might also be responsible for the intercalated disk and T tubule 
selectivity in  beating heart   tissues. In the present study, the 
time-dependent immunolocalization of exogenous BSA was 
revealed in the interstitial matrix and cardiomyocytes by 
IVCT. The abnormal immunolocalization of serum IgG1 at 
the intercalated disks and T tubules was displayed 4 h after 
BSA injection with a concentration of 100 mg/ml, although 
there was no abnormal immunolocalization of serum IgG1 
when the concentration of  injected BSA   was decreased to 
4 mg/ml. Although the mechanism of such abnormal IgG1 
localization has yet to be clarifi ed, the time intervals after the 
BSA injection and its concentrations were both critical factors 
for the translocation of serum proteins in vivo through the 
 blood capillaries   of the living mouse heart. 

 In conclusion, the present immunohistochemical study 
with ECG monitoring demonstrated that the  distribution   of 
 soluble serum protein   s   was precisely revealed by the IVCT 
without the preparation  artifacts   usually caused by the con-
ventional  chemical fi xation   and  dehydration  . With IVCT, 
 serum    albumin   in vivo was found to be one of the compo-
nents that contributed to the extracellular  microenvironment   
around  cardiomyocyte   s  , and the different immunolocaliza-
tions of  serum protein   s   indicated  molecular selectivity   at the 
intercalated disks. When the cardiac  microcirculation   in vivo, 
including the regulatory mechanisms of functional coupling 
between cardiomyocytes and the propagation of electrical 

impulses at the intercalated disks, can be intensely studied 
because of its clinical signifi cance in heart disease, IVCT 
will provide a useful approach for immunohistochemical and 
morphofunctional studies of cardiac microcirculation and 
microenvironment under various heart conditions in living 
animals.     

  Acknowledgments   The authors disclosed the citation of repeated con-
tents already published in Acta Histochem. Cytochem. 44(2):61–72, 
2011 and also the use of Figs. 6.1.1–7 from the same article with their 
permissions.  
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Histochemical Analyses and Quantum 
Dot Imaging of Microvascular Blood 
Flow with Pulmonary Edema

Yurika Saitoh, Nobuo Terada, Nobuhiko Ohno, 
and Shinichi Ohno

Abstract

Light microscopic imaging of blood vessels and distribution of serum proteins are essential 
to analyze hemodynamics in living animal lungs under normal respiration or respiratory 
diseases. In this section, we visualized dynamically changing morphology of paraffin speci-

mens of mouse lungs. By hematoxylin-eosin staining, morphological features, such as 
shapes of alveolar septum and sizes of alveolar lumen, reflected their respiratory conditions 
in vivo, and alveolar capillaries were filled with variously shaped erythrocytes. To capture 
accurate time courses of blood flow in peripheral pulmonary alveoli, glutathione-coated 
quantum dots (QDs) were injected into right ventricles. QDs were localized in most arteri-
oles and some alveolar capillaries at 1 s and later in venules at 2 s, reflecting a typical blood 
flow direction in vivo. For pathological visualization, IVCT was also applied to lungs of 
acute pulmonary hypertension mouse model. Erythrocytes were crammed in blood vessels, 
and some serum components leaked into alveolar lumens, as confirmed by mouse albumin 
immunostaining. Some separated collagen fibers and connecting elastic fibers were still 
detected in edematous tunica adventitia near terminal bronchioles.

Keywords

Quantum dot • Alveolar capillary • Pulmonary edema

15.1  Introduction

It is well known that animal lungs have abundant blood ves-
sels, in which the whole venous blood flows from right ven-
tricles of beating hearts and is immediately oxygenated in 

networks of alveolar capillaries. This dynamic blood flow 
and these structures under various respiratory conditions 
have been recently examined by new imaging techniques. 
Previously, it was reported that a rapid freezing was useful to 
obtain dynamic images of cat lung tissues [1, 2]. In the pres-
ent study, we further examined detailed images of the micro-
circulation and microenvironment in mouse lung tissues 
with immunohistochemistry and injection of quantum dots 
(QDs). QDs have recently been used to detect intracellular 
trafficking, microvascular morphology, and diagnostic tumor 
targeting because of their strong and constant fluorescent 
signals [3–8]. Then, water-soluble glutathione (GSH)-coated 
QDs, which emitted a 650 nm wavelength fluorescent signal 
under ultraviolet (UV) light, were continuously injected into 
the right ventricles of their hearts (10 μl/s) for 1 or 2 s, and 
IVCT was performed for lungs at 1 or 2 s after the injection 
[9–11]. Dynamically changing images of microvascular 
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blood flow and distribution of serum proteins will be useful 
to examine microenvironments not only for physiological 
lung functions but also for pathological lungs. In particular, 
pulmonary edema is well known to be induced by functional 
failure of the left side of the hearts, which causes secondary 
pulmonary hypertension, resulting in leakage of serum com-
ponents to alveolar lumen from anastomosing capillaries 
[12]. Therefore, we have further examined histological fea-
tures and immunohistochemical localization of the leaked 
serum components and some connective tissue fibers in 
mouse lungs of the acute pulmonary hypertension model.

15.2  Morphological Features of Lung 
Tissues Under Artificial Respiration

To control respiration of mice, mouse trachea was surgically 
exposed and connected to a small animal ventilator. Exact 

optimal timing of images of respiratory conditions was 
achieved on the scale of seconds, as demonstrated with mac-
roscopic images of living mouse lungs under expiration 
(Fig. 15.1a), showing contracted lung lobes, and under inspi-
ration (Fig. 15.1c), showing inflated lobes. Cranial lobes of 
the right lungs were selected because of easy access to cap-
ture well-frozen lung tissues, and clear morphological find-
ings were obtained with HE staining of expiratory (Fig. 15.1b) 
and inspiratory (Fig. 15.1d) lung specimens. In the lungs 

under expiration, slightly collapsed alveoli or alveolar sacs 
near the visceral pleura were observed in larger numbers, 
and their sizes became smaller than those in the inflated 
lungs under inspiration (Fig. 15.1b, d). Alveolar capillaries 
were clearly seen in alveolar septum, which were filled with 
variously shaped erythrocytes, mostly reflecting blood flow 
direction at the time of freezing (double black arrowheads in 
Fig. 15.1b, d). Although the capillary networks were expand-
ing in parallel to the alveolar lumens under inspiration 
(Fig. 15.1d), they were folded to form thicker alveolar sep-
tum under expiration (Fig. 15.1b). Thus, optimal respiratory 
conditions were well retained with the IVCT.

15.3  Visualization of Blood Supply 
on Paraffin Sections

To visualize blood flow on paraffin sections, IVCT was 

immediately performed at 1 s (Fig. 15.2) after starting the 
continuous injection of QDs. Morphological findings with 
HE staining at 1 s show well-preserved lung tissue areas with 
little ice-crystal formation at a light microscopic level 
(Fig. 15.2a), and serial sections were also used for the QD 
analyses (Fig. 15.2b). To confirm microscopic structures 
without any staining in a fluorescence microscope, autofluo-
rescence images with UV excitation were very useful for 
normal lung tissues, as shown in blue in Fig. 15.2b. At the 

Fig. 15.1 Morphological 
features of mouse lungs. 
(a, c) Macroscopic images 
of normal mouse lungs 
under experimental 
expiration (Ex) and 
inspiration (In). (b, d) 
Light microscopic images 
with HE staining of the 
right cranial lobes. White 
arrows, alveolar septum. 
Double black arrowheads, 
alveolar capillaries filled 
with variously shaped 
erythrocytes. Asterisk, a 
cranial lobe of the right 
lung. H, heart; Bars, 
500 μm in (a, c), 25 μm in 
(b, d)
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same time, another red fluorescent signal of QDs was clearly 
detected in some blood vessels under the same UV excitation 
condition. Two types of large blood vessels were discrimi-
nated with the QD red signal. Some large blood vessels filled 
with the red signal of QDs were alternately situated among 
other large blood vessels without QDs (Fig. 15.2b, c). The 
blood vessels with the red signal demonstrated lung arteri-
oles in bronchiolar connective tissues because some QDs 
were considered to initially flow into arterioles from the right 
ventricle (Ar in Fig. 15.2b, c). In addition, other QDs were 
localized in parts of alveolar capillaries connected to arteri-

oles (white arrows in Fig. 15.2a, b), indicating that these QD 
images show an instant cessation of blood flow from arteri-
oles to venules via alveolar capillaries. Figure 15.2c traces 
all locations of arterioles and venules in a lung tissue section. 
Thus, blood flow directions and distributions of blood ves-
sels, such as arterioles and venules, were widely traced. In 
three-dimensional network structures of alveolar capillaries 
using these specimens, alveolar capillaries intricately con-
nected with each other, naturally flowing erythrocytes, and 
segmented leukocytes were detected inside blood vessels, as 
shown in our original article [13].

Fig. 15.2 Light micrographs of mouse lung tissues at 1 s after the QD 
injection, which are imaged by HE staining (HE; a), fluorescence with 
ultraviolet light (UV; b), and blood vessel arrangement, are depicted on 
the images that are merged with differential interference contrast image 
(UV + DIC; c). White arrows, alveolar capillaries filled with red fluores-

cent signals by QDs. Blue circle with Ar, arterioles. Red circle with Ve, 
venules. Black arrows, blood flows traced from an arteriole to some 
venules via alveolar capillaries. A, air space. Bars, 150 μm in (c) and 
50 μm in (a, b)

15 Histochemical Analyses and Quantum Dot Imaging of Microvascular Blood Flow with Pulmonary Edema
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15.4  Visualization of Pulmonary Edema 
on Paraffin Sections

Morphological imaging of pulmonary edema was evaluated 
using IVCT for mouse lungs of the acute pulmonary hyper-
tension model (Fig. 15.3). At 7 min after clipping an ascend-
ing aorta, varicosis due to blood congestion was visible at the 
lung surface by the naked eye, and respiratory movement of 
the lung was gradually decreased. By HE staining of the pul-
monary hypertension lung tissues (Fig. 15.3a, b), erythro-
cytes were seen to be packed in all blood vessels. Some 

luminal spaces, enclosed by alveolar septum including blood 
capillaries, were filled with slightly eosinophilic substances, 
which were supposedly serous exudate leaking from alveolar 
capillaries into alveolar spaces (Fig. 15.3a, b). Both eosin- 
positive and eosin-negative areas were seen in terminal bron-
chioles (asterisk in Fig. 15.3a), alveolar ducts, or alveolar 
spaces of some areas (Fig. 15.3a, inset in b), and their border 
was clearly detected (double white arrowheads in inset in 
Fig. 15.3b). Because the freezing condition of lung tissues 
became worse in a distant area far from the frozen tissue sur-
face than that in the area near visceral pleura, some ice crys-
tals were found, especially in eosin-positive substances (black 

Fig. 15.3 Morphological findings of mouse lungs of HE (a, b), alde-
hyde fuchsin (AF; c, d), and double-immunofluorescence staining in 
acute pulmonary hypertension mice (f, g). (e) Image of double- 
immunofluorescence staining in mouse lungs under normal blood cir-
culation (N). (a, c) Low magnified view of areas around terminal 
bronchioles (asterisks). (b, d) Highly magnified views of the boxed 
areas in (a, c). (c–g) Double-immunofluorescence staining for aquapo-

rin- 1 (AQP-1; red) and albumin (Alb; green) with nuclear DAPI stain-
ing (blue). White arrowheads, endothelial cells. Double white 
arrowheads, edge of leaked fluid (F). Black arrow, well-frozen plasma 
inside alveolar capillary. Black arrowhead, ice crystal. White arrow, 
leukocyte. A, air spaces. Bars, 200 μm in (a, c), 20 μm in (e, f), and 
10 μm in (b, d, g)
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arrowhead in Fig. 15.3b), which probably reflected the leaked 
fluid from blood vessels. In comparison with the leaked fluid 
(F in Fig. 15.3b), tiny ice crystals were seen in good freezing 
area (inset in Fig. 15.3b). In connective tissues near terminal 
bronchioles, the exudate was seen to separate tunica adventi-
tia from large blood vessels (double-headed arrows with 
black stars in Fig. 15.3b, d). Some collagen fibers were 
detected as green color with AF staining, which were dis-
cretely separated by exudate near terminal bronchioles (white 
arrows in Fig. 15.3d). To the contrary, elastic fibers were 
stained as purple color with AF staining in alveolar septum, 
which were still continuing at light microscopic level (double 
arrowheads in Fig. 15.3d), indicating elasticity of alveolar 
septum under pulmonary edema condition. To confirm 
whether the slightly eosinophilic substances with HE staining 
in the alveolar lumen (Fig. 15.3a, b) were serous exudate 
leaked out through blood vessels, two different types of lungs 
under normal circulation (Fig. 15.3e) or acute pulmonary 

hypertension (Fig. 15.3f, g) condition were compared by 
immunostaining for aquaporin-1 (AQP-1) and albumin. 
AQP-1 was already reported to be expressed and localized 
along cell membranes of endothelial cells in pulmonary blood 
vessels and erythrocytes [14–16]. In normal mouse lung tis-
sues (Fig. 15.3e), bright contours of blood vessels were 
detected owing to strong immunostaining of AQP-1 along 
endothelial cells (red in Fig. 15.3e). In contrast, albumin 
immunostaining was mainly detected in blood vessels and 
slightly at interstitium of alveolar septum under normal blood 
circulation conditions (green in Fig. 15.3e). By the AQP-1 
immunostaining, flowing erythrocyte membranes were 
slightly immunostained to contour their shapes (Fig. 15.3e), 
in addition to the endothelial cells. In mouse lung tissues with 
acute pulmonary hypertension (Fig. 15.3f, g), AQP-1 was 
also immunolocalized along cell membranes of endothelial 
cells and erythrocytes packed in alveolar capillaries (red in 
Fig. 15.3g). In contrast, immunostaining of albumin was 
clearly detected in the interstitial matrix outside the alveolar 
capillaries (green in Fig. 15.3g), but it was hardly detected in 
the alveolar capillaries because of much less space among 
tightly packed erythrocytes. Thus, because the leaked sub-
stances in alveolar lumens and interstitial matrices outside 
blood vessels consisted of much albumin, the slightly eosino-
philic substances by HE staining, as shown in Fig. 15.3a, b, 
were determined to be mostly serous exudate derived from 
blood vessels under the experimental pulmonary edema.

15.5  Conclusion

We have achieved histochemical imaging of living mouse 
lungs under normal blood circulation or pulmonary hyper-
tension conditions, reflecting their in vivo states. We think 
that these imaging techniques with IVCT will provide mor-

phofunctional information about blood flow conditions and 
the location of serum proteins under respiration in the same 
tissue section, which would be compatible with other new 
techniques, such as intravital imaging, micro-CT, MRI, and 
PET of living animals. This text is mainly quoted from 
Reference [13].
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      Dynamic Ultrastructure of Pulmonary 
Alveoli of Living Mice Under Respiratory 
Conditions       
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    Abstract  

  A morphological approach to cell dynamics is usually diffi cult, since routine preparative 
techniques for electron microscopy always induce artefacts due to cessation of blood supply 
into organs. The in vivo cryotechnique followed by the freeze-substitution method reduces 
such technical problems. It was applied for examining the pulmonary alveoli of BALB/c 
mice in vivo. The following ultrastructural features were revealed. (1) A surfactant layer 
provided a continuous covering to the alveolar epithelium. (2) Typical lamellar structures in 
large alveolar epithelial cells were rarely detected. (3) Circulating erythrocytes with various 
shapes were observed in branching blood capillaries. (4) The close association between 
erythrocytes and the endothelium was seen at the peripheral alveolar septum. Such 
 ultrastructural arrangements may be appropriate for the physiological functions of the 
 pulmonary alveoli, such as exchanges of gases or materials in vivo.  
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16.1         Introduction 

 Although some ultrastructural features of animal lungs 
were described in the previous reports [ 1 – 3 ], they could 
provide not enough information about physiological func-
tions of the lungs of living animals. This is because the 

conventional  electron microscopy   couldn’t reveal  pulmo-
nary ultrastructure   s   of the living animals during  functional 
respiration  . Such fi xation procedures usually take several 
minutes, so it is hard to detect rapidly changing cellular 
events at the order of milliseconds. Conventional morpho-
logical studies had such defects for the examination of 
dynamic changes in organs in vivo. The ultrastructure of 
the lung has been  examined [ 2 ,  3 ], as described above, but 
the authors were unable to investigate the appearances dur-
ing respiration. Moreover, intercellular events during gas/
material exchanges have not been examined in such stud-
ies, and conventional electron  microscopy   has provided 
little information about functional anatomy of the lung [ 1 ]. 
Therefore, the “ in vivo cryotechnique  ” was applied to 
 morphological analyses   of mouse lungs infl ated by 
mechanical ventilation [ 4 ]. In this study, we examined the 
in vivo ultrastructure of the  pulmonary epithelium and 
 endothelium   and  circulating erythrocyte   s   in  living mouse 
lung   s   during respiration.  
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16.2     Preparation Procedures of Living 
Mouse Lungs 

 Male BALB/c mice, weighing 20–30 g, were anaesthetised 
with sodium pentobarbital. A 23-gauge cannula was inserted 
into the trachea and sutured in place. The mouse was allowed 
to breathe spontaneously. The abdominal cavity and  diaphragm 
were then opened, and mechanical ventilation with air was 
immediately initiated. At the moment of pulmonary disten-
sion, the whole lung organ was quickly frozen with the  liquid 
isopentane  -propane mixture (−193 °C) cooled with liquid 
nitrogen. The whole mouse body was transferred into liquid 
nitrogen, and the well-frozen parts of the lung were trimmed 
off with clippers in the liquid nitrogen [ 5 ]. The specimens 
were then processed for freeze substitution, as described 
below. They were fi rst transferred into absolute acetone con-
taining 2 %  osmium tetroxide   at −80 °C and kept for 24 h. 
They were also put into a deep freezer at −20 °C for 2 h and 
then into a refrigerator at 4 °C for 2 h. They were briefl y 
washed in pure acetone at room temperature and embedded in 
Quetol 812. After routine polymerisation, ultrathin sections 
were prepared, contrasted with uranyl acetate and lead citrate 
and observed in a Hitachi H-600 electron microscope.  

16.3     New Findings of Ultrastructures 
in Dynamically Changing Lungs 

 In thick sections stained with  toluidine blue  , as observed 
with a light microscope (Fig.  16.1a ), dynamic structures of 
pleura and subpleural regions of the mouse lung, including 
 infl ated alveoli  , interstitial or alveolar  epithelial cell   s   and 
 fl owing erythrocyte   s   in  blood    vessel   s  , were well preserved 
without any remarkable  ice crystal   damage. Moreover, close 
association between pulmonary alveoli and  blood capillaries   
with fl owing  erythrocytes   could be detected in ultrathin sec-
tions, as observed with an electron microscope (Fig.  16.1b–d ). 

The fl owing erythrocytes exhibited various shapes different 
from the typical  biconcave discoid   (Fig.  16.1c ), as seen in 
other organs [ 6 ,  7 ]. Some of them were partially attached to 
 endothelial cell   s   (Fig.  16.1d ), indicating that such 
 erythrocyte  - endothelium       attachment might be effective for 
physiological functions of  gas exchange   [ 4 ]. The “ in vivo 
cryotechnique  ” would be more useful for morphofunctional 
analyses of dynamically changing cells and tissues, which 
were hardly examined by the conventional preparation 
methods.

16.4        Flowing Erythrocyte Shapes 
in Pulmonary Alveoli 

 In the present study, we have examined the behaviour of 
 erythrocytes   in the  blood    capillaries   within the alveolar sep-
tum. We showed the ultrastructure of  circulating erythrocyte   s   
and clarifi ed their appearance. They were not typical  bicon-
cave discoid  , but displayed various shapes. Our previous 
studies also reconfi rmed the similar observation on circulat-
ing erythrocytes in other organs [ 6 ,  8 ]. A close association 
between erythrocytes and  endothelial cell   s   was often seen in 
the peripheral regions of the alveoli. It may refl ect intercel-
lular communications during gas/material exchanges through 
a very narrow  basement membrane   [ 9 ,  10 ].  

16.5     Concluding Remarks 

 In conclusion, our  in vivo cryotechnique   was useful for dem-
onstrating the  functional ultrastructure   of living alveolar or 
pleural cells, which could not be investigated by the conven-
tional  electron microscopy  . Most of the conventionally 
revealed ultrastructural appearances should be re-examined 
by the “in vivo  cryotechnique  ” in order to clarify the more 
natural and functional arrangements.     
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    Abstract  

  It has been diffi cult to clarify the precise localizations of soluble serum proteins in thymic 
tissues of living animals with conventional immersion or perfusion fi xation followed by 
alcohol dehydration owing to ischemia and anoxia. In this study, “in vivo cryotechnique” 
(IVCT) followed by freeze-substitution fi xation was performed to examine the thymic 
structures of living mice and immunolocalizations of intrinsic or extrinsic serum proteins, 
which were albumin, immunoglobulin G1 (IgG1), IgA, and IgM, as well as intravenously 
injected bovine serum albumin (BSA). Mouse albumin was more clearly immunolocalized 
in blood vessels and interstitial matrices of the thymic cortex than in tissues prepared by the 
conventional methods. The immunoreactivities of albumin and IgG1 were stronger than 
those of IgA and IgM in the interstitium of subcapsular cortex. The injected BSA was time- 
dependently immunolocalized in blood vessels and the interstitium of corticomedullary 
areas at 3.5 h after its injection and then gradually diffused into the interstitium of the whole 
cortex at 6 and 12 h. Thus, IVCT revealed defi nite immunolocalizations of serum albumin 
and IgG1 in the interstitium of thymus of living mice, indicating different accessibility of 
serum proteins from the corticomedullary areas, not from the subcapsular cortex of living 
animals, depending on various molecular sizes and concentrations.  

  Keywords  

  Mouse thymus   •   In vivo  cryotechnique     •   Serum proteins   •   Immunolocalization   •   Blood–thy-
mus barrier  

17.1         Introduction 

 The animal thymus is a primary lymphoid organ, where bone 
marrow-derived T-cell precursors undergo a complex pro-
cess of maturation, eventually resulting in migration of 
mature thymocytes to T-cell-dependent areas of peripheral 
lymphoid organs [ 1 ]. However, it has been controversial that 
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such selection of thymocytes depends on the entrance of 
soluble extrinsic molecules as antigens from  blood    vessel   s   
into the thymus. The fl ow system of soluble molecules from 
blood vessels into the interstitial matrices of the thymus has 
already been examined by artifi cial injection of an extrinsic 
component, such as  horseradish peroxidase   (HRP)   , into 
blood vessels [ 2 ]. As  HRP    distribution   was clearly shown to 
be restricted around blood vessels of  corticomedullary area   s  , 
but not in the  interstitium   of thymic cortex, the concept of a 
“ blood–thymus barrier  ” was then proposed, which is gener-
ally connected to the function of thymocytes. However, some 
researchers also doubted the validity of the concept of the 
blood–thymus barrier because of the existence of some 
injected labeled  serum    albumin   or  bovine serum albumin   
(BSA) in the thymic cortex [ 3 ,  4 ] and also considered there 
was little morphological evidence of completely sealed 
structures of blood vessel walls [ 5 ,  6 ]. These morphological 
fi ndings and  serum protein   immunolocalizations were 
always obtained in tissue specimens prepared with conven-
tional  chemical fi xation   and  alcohol dehydration   (DH), 
which easily cause  technical artifact   s   as a result of the slow 
chemical reaction of the fi xatives [ 7 – 9 ]. Thus, the  immuno-
localization   in vivo of  soluble serum protein   s   in the whole 
interstitium of thymic cortex has remained unclear. 

 By IVCT, target organs of any living animal can be directly 
frozen without artifi cial tissue resection or  perfusion    fi xation  , 
which enables dynamic  molecular change   s   of cells and tis-
sues to be characterized without the  technical artifact   s   that are 
usually caused by conventional tissue preparation methods 
[ 10 – 12 ]. In particular, the IVCT-prepared specimens very 
effi ciently retain soluble extra- and intracellular molecules in 
situ, in combination with subsequent  freeze- substitution     (FS) 
 fi xation  . Therefore, immunolocalizations of functional mole-
cules and dynamic structural changes in vivo can be demon-
strated in  paraffi n  -embedded tissue sections [ 13 – 17 ]. We 
tried to clarify accurate immunolocalizations of various 
 serum    protein   s   in living mouse thymus to reevaluate the con-
cept of the  blood  –thymus barrier.  

17.2     Distribution of Intrinsic Serum 
Proteins in Living Mouse Thymus 

 The IVCT enabled us to reveal the native histology of the func-
tioning thymus of living mice under normal  blood    circulation   
(Fig.  17.1a, b ), with homeostatic immunolocalizations of 
intrinsic  serum    protein   s   passing through blood circulation into 
the  interstitium   of the thymic cortex, probably refl ecting their 
 living state   (Fig.  17.1 ), which could not be demonstrated by the 
conventional preparation methods. Different immunolocaliza-
tions of serum proteins in the thymic interstitium were clearly 
detected in living mouse tissues prepared by IVCT without 
common  diffusion artifact   s   of  soluble serum protein   s  , which 
were shown to be problematic for the conventional preparation 

methods [ 9 ,  15 ]. The  distribution   of serum proteins throughout 
the interstitial matrices depends on their molecular weight, 
including  horseradish peroxidase  , as reported previously [ 2 ]. 
Both  albumin   (MW, 69 kDa) and  IgG1   (MW, 150 kDa) are 
relatively small molecules compared with dimeric IgA (MW, 
385 kDa) and pentameric  IgM   (MW, 970 kDa) [ 12 ,  18 ]. The 
 immunolocalization   of  mouse albumin   in the interstitium of the 
whole cortex indicates that some serum components that have 
a molecular weight similar to that of albumin probably enter 
the interstitial matrices of cortex from  blood vessel   s   in the  cor-
ticomedullary area   s  . However, it has not been clear until now 
that  leakage   of various serum proteins through blood vessels 
depends on not only molecular size or charge but also on 
molecular concentration in the blood vessels.

17.3        Distribution of Extrinsic BSA in Living 
Mouse Thymus 

 By IVCT, it has become clear that the  injected BSA   diffused 
out from  blood    vessel   s   of the  corticomedullary area   s   but not 
from  blood capillaries   in the subcapsular areas of cortex. As 
shown in Fig.  17.2b , it did not leak out through the blood cap-
illaries until 2 h after BSA injection. However, it leaked out 
earlier through the blood capillaries of connective tissues at 
1 h with the same BSA concentration, as previously reported 
[ 19 ]. In addition, immunoreactive intensities of intravenously 
injected BSA in the  interstitium   were variously detected, 
depending on time intervals after the injection and also BSA 
concentration (Figs.  17.2  and  17.3 ). Therefore, these fi ndings 
are compatible with the existence of functional barriers along 
blood capillaries of the  subcapsular cortex  , although molecu-
lar  permeability   through blood vessels in the corticomedul-
lary areas is higher than that in the thymic cortex, as already 
reported [ 20 ]. As shown with  albumin   and BSA immunolo-
calizations in the thymic cortex of living mice prepared with 
IVCT, it is concluded that  soluble serum protein   s   have diffi -
culty in directly entering the thymic cortex because of the 
 blood–thymus barrier  , but they are diffused throughout the 
whole cortex from the corticomedullary areas.

17.4         Concluding Remarks 

 The morphology of normal living mouse thymus and  distri-
bution   of intrinsic or extrinsic  serum    protein   s   could be 
clearly detected by IVCT. The molecular size or charge and 
molecular concentration are related to  permselectivity   of 
 blood  –thymus barrier for different serum proteins, and also 
the histological layers responsible for the barrier functions of 
blood–thymus barrier would be important during T-cell dif-
ferentiation in vivo. The present fi gures were already pub-
lished in our paper, Med Mol Morphol (2012) 45:129–139, 
and cited with their permissions.     
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  Fig. 17.1    Light micrographs of serial 
 paraffi n   sections of living mouse thymic 
tissues prepared by IVCT, which are stained 
with H&E ( a ,  b ) or immunostained for 
 albumin   ( c ,  d ),  IgG1   ( e ,  f ), IgA ( g ,  h ), and 
 IgM   ( i ,  j ). Each micrograph ( b ,  d ,  f ,  h ,  j ) is a 
highly magnifi ed view of area enclosed in 
squares in  a ,  c ,  e ,  g , and  i , respectively.  Co  
cortex,  M  medulla,  Cp  capsule. All the 
proteins—albumin, IgG1, IgA, and IgM—are 
immunolocalized in  blood    vessel   s   at low 
magnifi cation ( arrowheads  in  a ,  c ,  e ,  g ,  i ). At 
a higher magnifi cation, both albumin and 
IgG1 are evenly immunolocalized in the 
 interstitium   of whole cortex ( arrows  in  d ,  f ). 
 Inset  in  d  shows immunocontrol without the 
primary  antibody   at the same magnifi cation. 
However, both IgA and IgM immunostaining 
are detected less in the  subcapsular cortex   
( arrows  in  h ,  j ).  Bars   a ,  c ,  e ,  g ,  i  100 μm;  b , 
 d ,  f ,  h ,  j  50 μm       
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  Fig. 17.2    Double immunofl uorescence staining of 
thymic cortical tissues prepared with IVCT for  albumin   
( green  in  a ,  d ,  g ,  j ,  m ,  p ) and intravenously injected 
 bovine serum albumin   (BSA;  red  in  b ,  e ,  h ,  k ,  n ,  q ) at 2 
( a – c ), 3.5 ( d – f ), 6 ( g – i ), 12 ( j – l ), 28 ( m – o ), or 48 ( p – r ) 
h after BSA injection. Albumin ( a ,  d ,  g ,  j ,  m ,  p ) is 
immunolocalized in  blood    vessel   s   ( arrowheads ) and the 
 interstitium   of the whole cortex ( arrows ). At 2 h, BSA 
immunoreactivity is detected only in blood vessels 
( arrowheads  in  b ,  c ). However, it is weakly detected in 
the interstitium at 3.5 h ( arrows  in  e ,  f ) in addition to the 
blood vessels ( arrowheads  in  e ,  f ). At 6 and 12 h, it is 
more widely seen in the interstitium ( arrows  in  h ,  i ,  k ,  l ), 
although it is detected less in the blood vessels 
( arrowheads  in  n ,  o ,  q ,  r ) and the interstitium ( arrows  in 
 n ,  o ,  q ,  r ) at 28 and 48 h.  Cp  capsule. Bars 40 μm,  insets  
60 μm       
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  Fig. 17.3    Double immunofl uorescence staining for  albumin   ( green  in 
 a ,  d ,  g ) and intravenously injected  bovine serum albumin   (BSA;  red  in 
 b,   e ,  h ) of various concentrations [5 ( a – c ), 25 ( d – f ), or 100 mg/ml ( g – i )] 
in IVCT-prepared thymic tissues at 6 h after the BSA injection. Albumin 
is immunolocalized in  blood    vessel   s   ( arrowheads  in  a, d ,  g ) and the 
 interstitium   of cortex ( arrows  in  a, d ,  g ). BSA immunostaining is 

mainly detected in blood vessels ( arrowheads  in  b ) and weakly in the 
interstitium with 5 mg/ml BSA ( arrows  in  b ). With 25 or 100 mg/ml 
BSA, it is strongly detected in the interstitium of the cortex and  cortico-
medullary area   s   ( arrows  in  e, f, h ,  i ), in addition to blood vessels 
( arrowheads  in  d – i ).  Cp  capsule. Bars 40 μm       
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Immunohistochemistry and Enzyme 
Histochemistry of HRP 
for Demonstration of Blood Vessel 
Permeability in Mouse Thymic Tissues

Bao Wu, Nobuhiko Ohno, Yurika Saitoh, Yuqin Bai, 
Zheng Huang, Nobuo Terada, and Shinichi Ohno

Abstract

The “in vivo cryotechnique” (IVCT) is useful to capture dynamic blood flow conditions. 
We injected various concentrations of horseradish peroxidase (HRP) into anesthetized mice 
via left ventricles to examine architectures of thymic blood vessels and their permeability at 

different time intervals. At 30 s after HRP injection, enzyme reaction products were weakly 
detected in interstitium around some thick blood vessels of corticomedullary boundary 
areas, but within capillaries of cortical areas. At 1 and 3 min, they were more widely 
detected in interstitium around all thick blood vessels of the boundary areas. At 10 min, 
they were diffusely detected throughout interstitium of cortical areas and more densely seen 
in medullary areas. At 15 min, however, they were uniformly detected throughout intersti-
tium outside the blood vessels. At 30 min, phagocytosis of HRP by macrophages was scat-
tered throughout the interstitium, which was accompanied by the decrease of HRP reaction 
intensity in interstitial matrices. Thus, time-dependent HRP distributions in living mice 
indicate that molecular permeability and diffusion depend on different areas of thymic 
tissues.

Keywords

Mouse thymus • In vivo cryotechnique • HRP • Immunolocalization • Enzyme 
histochemistry

18.1  Introduction

The living animal thymus is one of the lymphoid organs 
where lymphocyte precursors undergo complex processes 
of cellular maturation, resulting in translocation of mature 
thymocytes to peripheral lymphoid organs [1–3]. 
Previously, the flow system of molecules into the thymic 
interstitial matrices was examined by artificial injection of 
horseradish peroxidase (HRP) into the blood vessels [4]. As 
the injected HRP was found to be mainly localized in the 
interstitium of the corticomedullary boundary and medulla, 
the concept of the “blood-thymus barrier” was proposed, 
which had been postulated in the previous decade [5]. 
Other researchers, however, doubted the validity of its con-
cept because of the existence of some injected bovine 
serum albumin (BSA) in the thymic cortex [6] and also 
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because of the little ultrastructural evidence of completely 
sealing features of blood vessel walls [7, 8]. Our “in vivo 
cryotechnique” (IVCT) was performed for the living mouse 
thymus to reveal the immunolocalization of intrinsic mouse 
serumproteins or extrinsic BSA injected via tail veins [9]. 
We also tried to identify the immunolocalization of extrin-
sic HRP in living mouse thymic tissues, which were directly 
injected via left ventricles, at short time intervals of second 
or minute orders by the IVCT-FS.

18.2  Morphological Findings of Living 
Mouse Thymic Tissues

By hematoxylin-eosin (HE) staining, two common zones 
were seen in the thymic tissues, namely, both the peripheral 
cortex and central medulla (Fig. 18.1). Extracellular spaces 
of the thymic interstitium with open blood vessels were well 

maintained in the specimens prepared by the IVCT method 

(Fig. 18.1b–f) because the interstitial tissues shrank much 
less during the preparation steps in comparison with the 
conventional preparation methods, as described previously 
[9]. A normal cortex/medulla ratio of thymic tissues would 
be close to 2:1 in a typical adult rodent, as already reported 
[10]. Interlobular arteries usually reached the medullary 
parenchyma at the end of septa and immediately branched 
into smaller arteries or arterioles (Fig. 18.1b). Most blood 
vessels in the cortex were blood capillaries, and thicker arte-
rioles with diameters of 15–30 μm were found in the corti-
comedullary boundary areas (Fig. 18.1e, f). Those arterioles 
ran outward into blood capillary branches in the deep cortex 
(Fig. 18.1). Smaller capillaries lay beneath the capsule (Fig. 
18.1c). Large and medium lymphocytes, which were 
actively proliferating, were most numerous in the cortex 
(Fig. 18.1b, f). In contrast, the thymic medulla showed much 
paler HE staining intensity with large reticulum cells, 
because of the much lower cellularity of thymocytes  

(Fig. 18.1d).

Fig. 18.1 Light micrographs of hematoxylin-eosin staining of paraffin 
sections of living mouse thymic tissues prepared by IVCT (a–f). (a) A 
low-magnification view of the thymic tissues shows widely panoramic 
tissue areas, extending from the superficial cortex (Co) under the cap-
sule (Cp) to the deep medulla (M). (b–f) Each micrograph is a highly 
magnified view of the area enclosed with each rectangle in a and b. (b) 
Many small thymocytes, large epithelial reticulum cells, and open 
blood vessels (asterisks) with flowing erythrocytes are detected in the 
areas of the cortex (Co) and medulla (M). (c) Cortical blood capillaries 
with erythrocytes (asterisks) are seen in the subcapsular region in addi-

tion to capsular blood capillaries (asterisks). (d) The medulla (M) is 
composed of fewer thymocytes (arrows) and epithelial reticulum cells 
(arrowheads), and a Hassall’s corpuscle (HC) is also seen. (e) 
Corticomedullary boundary areas contain thick blood vessels (aster-
isks), extending into both cortical (Co) and medullary (M) areas. Their 
opening lumen is the well-delineated endothelial cells and the basal 
lamina. (f) Note flowing erythrocytes in anastomosing blood capillaries 
of cortical tissues prepared with IVCT (asterisks). Arrows thymocytes, 
Arrowheads epithelial reticulum cells. Bars (a) 100 μm, (b, d–f) 50 μm, 
(c) 20 μm
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Fig. 18.2 Enzyme-histochemical images of DAB reaction of HRP in 
cryosections of mouse thymic tissues, which were injected with HRP 
(100 mg/ml) via left ventricles and prepared after various time intervals 
by IVCT. (a) At 30 s, HRP reaction products are slightly detected in the 
interstitium around some thick blood vessels in corticomedullary 
boundary areas (arrows) and also within other blood vessels (arrow-
heads). (b, c) At 1 and 3 min, they are more widely detected in the 
interstitium around thick blood vessels in corticomedullary boundary 
areas (arrows) and within some thick blood vessels in both cortical and 
medullary areas (arrowheads). (d) At 10 min, they are diffusely detected 
in all the interstitium of cortical and medullary areas (arrows). (e) At 15 
min, they are uniformly distributed throughout all the interstitium of 
thymic tissues (arrows) in addition to perivascular spaces of blood ves-

sels (arrowheads). Immunocontrol (inset). (f) At 30 min, HRP phago-
cytosis by macrophages (double arrowheads) is seen to be scattered, 
which is accompanied by the decrease of DAB reaction intensity in all 
interstitial matrices. The images (g–j), which were injected with vari-
ous concentrations of HRP (10, 25, 50, and 100 mg/ml) via left ventri-
cles and prepared at 3 min after HRP injection by IVCT. (g–j) HRP 
enzyme reactivities are variously detected in the interstitium (arrows) 
around some blood vessels in corticomedullary boundary areas and 
other thick blood vessels of the medulla, depending on the HRP con-
centration, but they are also found within blood vessels (arrowheads) in 
addition to tiny blood capillaries. Arrowhead blood vessel, Small arrow 
process, Co cortex, M medulla. Bars 20 μm, insets 10 μm

18.3  Enzyme Histochemistry of Injected 
HRP in Cryosections of Thymic Tissues

Enzyme-reactive intensities of HRP with methyl green 
(MG) staining were detected at various time intervals in 
cryosections of mouse thymic tissues, which were injected 
with HRP (100 mg/ml) via left ventricles (Fig. 18.2). The 
DAB reactivity of HRP with high sensitivity was not found 
in the interstitium of the cortex without HRP injection (Fig. 
18.2e, inset). However, flowing erythrocytes in the blood-

vessels were usually positive for the DAB reaction in cryo-
sections. Enzyme reaction products of injected HRP protein 
were  serially localized not only in the blood vessels but also 
in the interstitial matrices of the thymic cortex of living 
mice (Fig. 18.2a–d). At 30 s after the HRP injection, enzyme 
reaction products were slightly detected in the interstitium 
around some thick blood vessels (Fig. 18.2a). Fine cortical 
vessels have diameters of 4–8 μm in largest dimension, as 
already shown in Fig. 18.1f. At 1 and 3 min, such enzyme 
reaction products were more widely found in the similar 
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interstitium around thick blood vessels in the corticomedul-
lary boundary areas (Fig. 18.2b, c). They appeared to be 
limited at variable distances in the interstitium from the per-
meable blood vessels. At 10 min, they were more diffusely 
detected in the interstitium of cortical areas and also detected 
in the interstitium of medullary areas (Fig. 18.2d). At 15 
min, they were finally found to be distributed throughout all 
the interstitium of thymic tissues including both the cortex 
and medulla (Fig. 18.2e). In addition, at 30 min, HRP 
phagocytosis by many macrophages was seen throughout all 
the interstitium of the thymic tissues (Fig. 18.2f), which was 
accompanied by the rapid decrease of DAB reaction prod-
ucts in the interstitium of the cortex (Fig. 18.2f).

It was previously unknown that the leakage of HRP pro-
tein through the blood vessels depends on not only molecular 
sizes or charges but also on molecular concentrations in the 
blood vessels. At 3 min after their injection via left ventricles 
with lower concentrations of HRP, such as 10 and 25 mg/ml 

(Fig. 18.2g, h), a slight gradient of transudation into the 
interstitium through thick blood vessels was seen in the thy-
mus of living mice, depending on the HRP concentration. 
The HRP enzyme reactivity was similarly detected in the 
interstitium around thick blood vessels in corticomedullary 
boundary areas and within some blood capillaries in the cor-
tex (Fig. 18.2g, h). However, HRP enzyme reaction products 
were more heavily detected in the interstitium of inner corti-
cal and medullary areas at higher concentrations of HRP, 
such as 50 and 100 mg/ml (Fig. 18.2i, j). A series of HRP 
injections with different concentrations revealed that the dis-
tribution of exogenous HRP was also dependent on the con-
centration of injected HRP. Therefore, no HRP was detected 
in the interstitium around blood capillaries in outer cortical 
areas at any concentration of injected HRP.

18.4  Immunolocalizations of HRP 
in Paraffin Sections and HRP 
Phagocytosis by Macrophages

To reexamine the thymic tissues at a higher resolution, both 
HE staining and HRP immunostaining were performed in 
serial paraffin sections of living mouse thymic tissues after 
short time intervals in the order of seconds to minutes and 
were injected with a lower concentration of HRP (25 mg/ml) 

via the left ventricle. At 30 s and 1 min (Fig. 18.3a–d), HRP 
immunoreactivity was detected only within the blood ves-
sels. At 3 and 10 min, however, it was weakly detected in the 
interstitium around the blood vessels in corticomedullary 
boundary areas and within some blood capillaries in cortical 
areas (Fig. 18.3e–h). A striking feature was that immunos-
taining changes involved the inner cortex and especially the 
corticomedullary boundary of thymic tissues (Fig. 18.3f, h). 
Perivascular spaces of thick blood vessels were also immu-
nopositive for HRP (Fig. 18.3f, h, insets). At 15 min, HRP 
immunoreactivity was more widely seen in the interstitium 
of the thymic cortex (Fig. 18.3i, j, arrows), but less than in 
the blood vessels (Fig. 18.3i, j, arrowheads). At 30 min, it 
was a little more heavily detected in the interstitium of the 
medulla (Fig. 18.3l, m) as compared with the cortex. The 
permeability of HRP across the blood capillary walls was 
hardly seen in the outer cortical areas, as shown in Fig. 18.3f, 
h. In addition, HRP phagocytosis by macrophages was 

clearly seen at 30 min after the HRP injection (Fig. 18.3m, 
double arrowheads), which was similar to that revealed by 
enzyme histochemistry of HRP (Fig. 18.2f).

The cryosections of mouse thymic cortical areas, which 
were injected with HRP (100 mg/ml) via left ventricles and 
prepared at 30 min by IVCT, were examined to show double- 
immunofluorescence staining for HRP (Fig. 18.3n, p) and 
Iba1, a macrophage marker (Fig. 18.3o, p), together with 
DAPI staining (Fig. 18.3p). The red fluorescence signals of 
Iba1 were mainly detected in the cytoplasm of macrophages, 
and the HRP immunostaining was also seen in macrophages 
(Fig. 18.3p, double arrowheads). The HRP immunofluores-
cence was still detected in the blood vessels 30 min after 
HRP injection (Fig. 18.3n, p, arrowheads), in addition to 
some local interstitial areas (Fig. 18.3n, p, arrows).

18.5  Discussion

The main feature of IVCT presented in this study was to 
obtain tissue specimens of living animal organs, which can 
strictly capture their dynamic circulation states including 
cells and tissues, as already discussed in detail [11]. The 
present study showed small molecular HRP with dose- and 
time-dependent leakage through different thymic blood ves-
sels, because of the high time resolution of IVCT for dynamic 

Fig. 18.3 (continued) interstitium (arrows) around blood vessels in cor-
ticomedullary boundary areas and within thick blood vessels (arrow-
head). (i, j) At 15 min, it is more widely seen in the interstitium (arrows), 
as compared with blood vessels (arrowheads). (k) Immunocontrol. (l, 
m) In addition, HRP phagocytosis by macrophages (double arrowheads) 
is seen at 30 min after HRP injection. The immunofluorescence micro-
graphs (n–p) of cryosections of thymic cortical areas at 30 min after 
HRP (100 mg/ml) injection via left ventricles of living mice, prepared by 
IVCT. Double-immunofluorescence staining for HRP (n, p, green) and 

ionized calcium-binding adapter molecule 1 (Iba1) (o, p, red) with 
nuclear DAPI staining (blue) show their colocalization in almost all 
macrophages. Iba1 immunofluorescence shows the macrophages of thy-
mic tissues (o, p, double arrowheads), which contain HRP in their cyto-
plasm (n, p, double arrowheads). HRP immunostaining is still detected 
within the blood vessels (n, p, arrowheads) and some areas of the corti-
cal interstitium among compact thymocytes (n, p, arrows). Arrowheads 
blood vessels, Small arrows processes, Co cortex, Bars 10 μm, Cp cap-
sule, Co cortex, M medulla. Bars 10, 50 μm; insets 10, 20 μm
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Fig. 18.3 Light microscopic images of hematoxylin-eosin (HE) stain-
ing (a, c, e, g, i, l) and HRP immunostaining (b, d, f, h, j, m) in serial 
paraffin sections of mouse thymic tissues, which were injected with a 
lower concentration of HRP (25 mg/ml) via left ventricles and prepared 
after various time intervals by IVCT. (a–d) At 30 s and 1 min, HRP 

immunoreactivity is detected only within blood vessels (arrowheads), 
not in the interstitium around them. (e, f) However, at 3 min, it is weakly 
detected in the interstitium (arrows) around blood vessels in corticome-
dullary boundary areas and within some thick blood vessels (arrow-
heads). (g, h) At 10 min, HRP immunoreactivity is also detected in the 
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functional structures [12]. Although the IVCT is a cryofixa-
tion method, which is not designed for time-lapse imaging, 
the present study also indicates that it is useful to examine 
the dynamically changing flux of extrinsic soluble HRP pro-
teins in the thymic tissues. The IVCT was also found to be 
used for both enzyme-histochemical or immunohistochemi-
cal studies of soluble HRP circulation and would be helpful 
for other enzyme-histochemical analyses due to the remain-
ing high sensitivity of cryofixed enzyme reactions.

It is well known that the animal thymus has a special 
vascular complex, conventionally termed the blood-thymus 
barrier [4, 9, 13–16], as an initial exposure site of lympho-
cytes to circulating antigens. The blood-thymus barrier has 
been assumed to be a reliable structure in the anatomical 
and functional sense, but foreign antigens can probably 
permeate its barrier under certain conditions. It has been 
also reported to consist of capillary endothelial cells, basal 
lamina of endothelium, perivascular spaces, basal lamina of 

epithelial reticulum cells, and finally epithelial reticulum 
cells themselves. A previous experiment using ultrastruc-
tural tracers of different molecular weights demonstrated 
that immunological lymphoid cells in the thymic cortex 
were usually protected from circulating antigenic mole-
cules in contrast with those of the medulla [4]. The intersti-
tial tissues with augmented permeability of antigen proteins 
under some conditions in vivo would increase the accessi-
bility of thymocytes to blood-derived molecules. However, 
based on the experiment with BSA of various concentra-
tions, as performed previously using the living mouse thy-
mic tissues [9], we found that the injected BSA was 
time-dependently distributed throughout the thymic inter-
stitium in hours to days, leaking from thick blood vessels at 
the corticomedullary boundary, but not from blood capillar-
ies in outer cortical areas. In the present study, we have also 
revealed the similar localization of the HRP protein in the 
thymic interstitium of living mice in a few minutes, indicat-
ing the easy leakage of small molecular HRP into cortico-
medullary boundary areas. Therefore, these findings also 
supported the partial existence of a functional blood-thy-
mus barrier, especially along blood capillaries of the outer 
cortex, although the molecular permeability of thick blood 
vessels, including some arterioles, in corticomedullary 
boundary areas was higher than that in the outer cortex, as 
already discussed [14, 16, 17]. The time- and concentration- 
dependent localization of antigenic HRP proteins might be 
helpful for other immunohistochemical analyses of native 
thymic structure tissues with various interstitial fluid pres-
sures and also the determination of the immunological sys-
tem in vivo.

In addition, other reports have already demonstrated that 
transudation into thymic interstitial matrices depended on the 
molecular weight of the administered substances [4, 6, 13, 15, 

17–20]. The distribution of injected HRP of low molecular 
weight presented in this study seems to be additionally related 
to the vascular structures in the thymic cortex, because larger 
intrinsic IgA and IgM immunostaining intensities were less 
detected in the outer cortex in comparison with both extrinsic 
BSA and mouse original albumin, as already discussed [9]. 
Therefore, it is concluded that an incomplete blood-thymus 
barrier in the corticomedullary boundary areas usually con-
tributes to such different morphofunctional data of thymic tis-
sues of living mice, which was directly revealed by IVCT-FS, 
probably reflecting their living state.

In the thymus, as shown in Fig. 18.3n, p, macrophages 
around the blood vessels actively phagocytized the perme-
ated HRP. Such phagocytotic functions of macrophages 
within 30 min might change the average molecular concen-
trations of HRP in the thymic interstitium, depending on the 
time course of flowing HRP molecules. Moreover, the 
phagocytosis of HRP into macrophages could induce their 

expression of specific antigens, probably resulting in the 
common positive or negative immunoreaction pathway in 
other thymic cells. Therefore, in a future study, the IVCT 
will be additionally used to clarify T-cell differentiation at 
various sites of thymic tissues, probably depending on the 
dynamic diffusion of various serum components in their 
microenvironment. A further experiment at an electron 
microscopic level will be also necessary to directly examine 
the HRP penetration of blood vessels and phagocytotic mac-
rophages of living mice, which could be prepared by IVCT. 
Some re-arranged figures were already published in our 
paper, Acta Histochem Cytochem (2014) 47:273–288, and 
cited with their permissions.
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Immunolocalization of Serum Proteins 
in Living Mouse Glomeruli Under 
Various Hemodynamic Conditions
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Abstract

The mechanisms of serum protein passage through glomerular capillary loops are unknown 
to us yet. We have visualized topographical changes of the serum proteins by “in vivo cryo-
technique” in combination with immunohistochemistry. Albumin and immunoglobulin G, 

Ig kappa light chain, and IgG1 heavy chain were mainly immunolocalized in GCL, but not 
colocalized with zonula occludens-1 (ZO-1) under normotensive condition. Albumin and 
kappa light chain were immunolocalized in Bowman’s space under heart-arrest condition 
and in quick-frozen fresh tissues. However, they were more clearly immunolocalized along 
basement membranes and in Bowman’s space under acute hypertensive condition, indicat-
ing their increased passage through GCL. IgG was also more clearly localized in mesangial 
areas (MA) under acute hypertension, compared with that under the normotensive or heart- 
arrest condition. This study is the first direct visualization for glomerular passage of serum 
proteins under abnormal hemodynamic conditions by the “in vivo cryotechnique,” which is 
a useful protocol for morphofunctional examination of living mouse GCL and immunohis-
tochemical analyses of dynamically changing proteins.

Keywords

Serum proteins • In vivo cryotechnique • Acute hypertension • Immunohistochemistry

19.1  Introduction

Hemodynamic factors exerted an important influence on the 
native morphology of glomerular capillary loops (GCL) in liv-
ing mouse kidneys [1, 2]. In addition, they have been  supposed 
to lead to the leakage of serum proteins in animal kidneys 
under pathological states and are also related to  progression in 
human renal diseases [3, 4]. In such abnormal states, hyperfil-
trated serum proteins in Bowman’s space are usually pro-
cessed for increased reabsorption in renal proximal tubules of 
living mouse kidneys [5], resulting in interstitial inflammation 
and fibrosis [6–10]. This may explain the histopathological 
progression of chronic renal diseases.

The glomerular filtration barriers play a role in charge- 
and/or size-selective barriers against serum proteins [11, 12]. 
Under normal blood circulation, the main GBM filtration can 
barrier serum albumin and immunoglobulin G (IgG) [13]. 

Z. Li, M.D. (*) 
Department of Nephrology, First Hospital of China Medical 
University, No.155 North Nanjing Street, Heping District, 
Shenyang, Liaoning 110001, China 

Department of Anatomy, Interdisciplinary Graduate School of 
Medicine and Engineering, University of Yamanashi,  
1110 Shimokato, Tamaho, Yamanashi 409-3898, Japan
e-mail: lzl1017@yahoo.com 

N. Ohno • S. Ohno 
Department of Anatomy and Molecular Histology, 
Interdisciplinary Graduate School of Medicine and Engineering, 
University of Yamanashi, 1110 Shimokato, Chuo City,  
Yamanashi, 409-3898, Japan

N. Terada
Division of Health Sciences, Shinshu University Graduate School of 
Medicine, 3-1-1 Asahi, Matsumoto City, Nagano 390-8621, Japan 

Department of Anatomy and Molecular Histology, 
Interdisciplinary Graduate School of Medicine and Engineering, 
University of Yamanashi, 1110 Shimokato, Chuo City,  
Yamanashi 409-3898, Japan

19

mailto:lzl1017@yahoo.com


102

After acute hypertension induced by angiotensin II, albumin 
and IgG translocate in the GBM, urinary space, and mesan-
gial matrix areas of rat kidneys [3]. However, the conven-
tional preparation methods caused hemodynamic 
perturbation of GCL and translocation of serum proteins. 
Therefore, the renal glomerular selectivity of serum proteins 
has never been visualized because of such technical limita-
tions of the specimen preparation.

As reported that morphological studies with the routine 
immersion or perfusion fixation were not able to clarify 
native structures of functioning kidneys in vivo [14, 15], the 
common fixatives, such as glutaraldehyde and paraformalde-
hyde, will cross-link in animal cells and tissues. In addition, 
they usually need considerable time to finish cross-linking, 
and some of them are usually washed out from the fixed 
specimens. Our ultimate goal of morphological studies is 
that all features of cells and tissues to be examined should 
reflect the physiological meaning under animal investiga-

tion. Therefore, the in situ preservation of cells and tissues in 
living animal organs is necessary for the histological studies 
to define their functioning structures in vivo. The “in vivo 
cryotechnique” can realize it by the combination of a pre-
cooled cryoknife with isopentane-propane cryogen [2, 16, 
17]; all biological processes in the living animal organs were 
instantly stopped and embedded in the ice microenvironment 
using the “in vivo cryotechnique.” Then the “in vivo cryo-
technique” can be also followed by various preparation steps 
for morphological analyses [18]. The freeze-substituted 

specimens are then embedded in the paraffin wax, leaving 
some antigenic sites exposed in the frozen cells and tissues 
due to the formation of tiny ice crystals [19]. So we visualize 
the topographical distributions of soluble serum proteins in 
living mouse renal glomeruli using “in vivo cryotechnique,” 
because their leakage from the glomerular capillary loops 
and also following reabsorption in the proximal convoluted 
tubules were assumed to be strictly time-dependent pro-
cesses under an acute hypertensive condition.

19.2  Alteration of Serum Protein 
Distribution in Glomeruli Under 
Various Hemodynamic Conditions

In the present study, we have shown that the “in vivo cryo-
technique” followed by the freeze substitution could visual-
ize not only the morphology of living mouse kidneys under 

various hemodynamic conditions (Fig. 19.1) but also the 
immunolocalization of serum proteins in their glomeruli, as 
summarized (Fig. 19.2). The serum albumin and IgG were 
usually kept within GCL under the normal hemodynamic 
condition, except for the IgG in some MA, and neither albu-
min nor IgG was immunolocalized in Bowman’s space of the 
living mouse glomeruli. However, under the acute hyperten-
sive condition, the immunolocalization of IgG1 heavy chain 
was more clearly detected in MA than that under the normal 
hemodynamic condition [5].

Fig. 19.1 Light micrographs of mouse renal 
cortical tissues prepared under various 
hemodynamic conditions; “in vivo 
cryotechnique” under normotensive (a, 
normal), heart-arrest (b, heart-arrest), and 
acute hypertensive (c, hypertension) 
conditions and tissue resection followed by 
quick-freezing (d, tissue resection). The 
glomerular capillary loops are kept open 
under the normotensive condition (a, arrows), 
but almost collapsed under the heart-arrest 
condition (b, arrows). They are widely open 
under the acute hypertensive condition (c, 
arrows), as compared with those under the 
normotensive condition. However, they are 
most severely collapsed in the specimens 
prepared by tissue resection followed by the 
quick-freezing (d, arrow). The luminal spaces 
of proximal (c, P) and distal (c, D) tubules 
and Bowman’s spaces (c, B) under the acute 
hypertension condition are more clearly 
opened, as compared with those under the 
other hemodynamic conditions (a, b, d). Scale 
bars 20 μm
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19.3  Mechanism of Immunolocalization 
of Serum Proteins in Glomeruli

The leakage of albumin and kappa light chain into 
Bowman’s space was increased under the acute hyperten-
sive condition, as also suggested by their reabsorption 
into the proximal tubules [5]. Moreover, their immunolo-
calization changes in the glomeruli were also due to the 
increased pressures in GCL, easily causing their passage 
through GBM. Some IgGs with the whole molecular 
weight were reported to be extensively trapped in the 
GBM under pathological conditions, such as membranop-
roliferative glomerulonephritis, membranous nephropa-
thy, and lupus nephritis [20, 21]. In such cases, they may 
be hardly leaked out into Bowman’s spaces, because of 

large molecular sizes, conformational changes, and 
immune complex formation. The leakage of both albumin 
and IgG from GCL into Bowman’s spaces could be 
detected under the heart-arrest condition. In addition, 
their immunolocalization in the conventional specimens 
prepared by quick-freezing of the resected kidney tissues 
was almost similar to that observed under the heart-arrest 
condition.

19.4  Concluding Remarks

The “in vivo cryotechnique” followed by the freeze- substitution 
method would be a reliable tool to keep soluble serum proteins 
in situ and provide transient images of functioning glomeruli in 
the living mice. In addition, it also allowed us to examine the 

Fig. 19.2 Confocal laser scanning micrographs, showing immunolocal-
izations of IgG with the whole molecular weight (a, IgG, green color) 
and albumin (b, red color) in the renal glomeruli, obtained by the double 
immunofluorescence staining. Under the normotensive condition (a–c, 
normotension), both IgG and albumin immunolocalizations are detected 
within the glomerular capillary loops, and only IgG is also immunolocal-
ized in the mesangial areas (MA) (c, arrowheads). Under the heart-arrest 
condition (d, heart-arrest) and tissue resection followed by the quick-

freezing method (e, tissue resection), the immunoreaction products of 
both IgG and albumin are also found in Bowman’s space (d and e, 
arrows), and only IgG is slightly immunolocalized in MA (d and e, 
arrowheads). Under the acute hypertensive condition (f, hypertension), 
large clumped immunoreaction products of IgG are more clearly seen in 
MA (f, arrowheads). The rapid translocation of both albumin and IgG is 
detected in some Bowman’s spaces, and their reabsorption is also detected 
in the proximal convoluted tubules (f, arrows). Scale bars 10 μm
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precise immunodistribution of serum proteins leaked out of the 
glomeruli and their reabsorption into the renal proximal tubules 
under the various hemodynamic conditions. The present 
figures were already published in our paper, Histochem Cell 
Biol (2006) 26:399–406, and cited with their permissions.

References

 1. Ohno S, Baba T, Terada N, Fujii Y, Ueda H (1996) Cell biology of 
kidney glomerulus. Int Rev Cytol 166:181–230

 2. Ohno S, Terada N, Fujii Y, Ueda H, Takayama I (1996) Dynamic 
structure of glomerular capillary loop as revealed by an in vivo 
cryotechnique. Virchows Arch 427:519–527

 3. Olivetti G, Kithier K, Giacomelli F, Wiener J (1981) Glomerular 
permeability to endogenous proteins in the rat: effects of acute 
hypertension. Lab Invest 44:127–137

 4. Remuzzi G, Bertani T (1998) Pathophysiology of progressive 
nephropathies. N Engl J Med 339:1448–1456

 5. Li Z, Terada N, Ohno N, Ohno S (2005) Immunohistochemical anal-
yses on albumin and immunoglobulin in acute hypertensive mouse 
kidneys by “in vivo cryotechnique”. Histol Histopathol 20:807–816

 6. Gansevoort RT, Navis GJ, Wapstra FH, de Jong PE, de Zeeuw D 
(1997) Proteinuria and progression of renal disease: therapeutic 
implications. Curr Opin Nephrol Hypertens 6:133–140

 7. Jerums G, Panagiotopoulos S, Tsalamandris C, Allen TJ, Gilbert RE, 
Comper WD (1997) Why is proteinuria such an important risk factor 
for progression in clinical trials? Kidney Int Suppl 63:S87–S92

 8. Remuzzi G (1995) Abnormal protein traffic through the glomerular 
barrier induces proximal tubular cell dysfunction and causes renal 
injury. Curr Opin Nephrol Hypertens 4:339–342

 9. Schreiner GF (1995) Renal toxicity of albumin and other lipopro-
teins. Curr Opin Nephrol Hypertens 4:369–373

 10. Thomas ME, Brunskill NJ, Harris KP, Bailey E, Pringle JH, Furness 
PN, Walls J (1999) Proteinuria induces tubular cell turnover: a 
potential mechanism for tubular atrophy. Kidney Int 55:890–898

 11. Reiser J, Kriz W, Kretzler M, Mundel P (2000) The glomerular slit 
diaphragm is a modified adherens junction. J Am Soc Nephrol 
11:1–8

 12. Rico M, Mukherjee A, Konieczkowski M, Bruggeman LA, 
Miller RT, Khan S, Schelling JR, Sedor JR (2005) WT1-interacting 
protein and ZO-1 translocate into podocyte nuclei after puromycin 
aminonucleoside treatment. Am J Physiol Renal Physiol 
289:F431–F441

 13. Fujigaki Y, Nagase M, Kobayasi S, Hidaka S, Shimomura M, 
Hishida A (1993) Intra-GBM site of the functional filtration barrier 
for endogenous proteins in rats. Kidney Int 43:567–574

 14. Yu Y, Leng CG, Kato Y, Terada N, Fujii Y, Ohno S (1998) 
Ultrastructural study of anionic sites in glomerular basement mem-
branes at different perfusion pressures by quick-freezing and deep- 
etching method. Nephron 78:88–95

 15. Yu Y, Leng CG, Terada N, Ohno S (1998) Scanning electron micro-
scopic study of the renal glomerulus by an in vivo cryotechnique 
combined with freeze-substitution. J Anat 192:595–603

 16. Ohno N, Terada N, Fujii Y, Baba T, Ohno S (2004) “In vivo cryo-
technique” for paradigm shift to “living morphology” of animal 
organs. Biomed Rev 15:1–19

 17. Terada N, Ohno N, Li Z, Fujii Y, Baba T, Ohno S (2006) Application 
of in vivo cryotechnique to the examination of cells and tissues in 
living animal organs. Histol Histopathol 21(3):265–272

 18. Ohno N, Terada N, Ohno S (2004) Advanced application of the 
in vivo cryotechnique to immunohistochemistry for animal organs. 
Acta Histochem Cytochem 37:357–364

 19. Ohno N, Terada N, Murata S, Katoh R, Ohno S (2005) Application 
of cryotechniques with freeze-substitution for the immunohisto-
chemical demonstration of intranuclear pCREB and chromosome 
territory. J Histochem Cytochem 53:55–62

 20. Bijl M, Dijstelbloem HM, Oost WW, Bootsma H, Derksen RH, Aten J, 
Limburg PC, Kallenberg CG (2002) IgG subclass distribution of auto-
antibodies differs between renal and extra-renal relapses in patients 
with systemic lupus erythematosus. Rheumatology 41:62–67

 21. Imai H, Hamai K, Komatsuda A, Ohtani H, Miura AB (1997) IgG 
subclasses in patients with membranoproliferative glomerulone-
phritis, membranous nephropathy, and lupus nephritis. Kidney Int 
51:270–276

Z. Li et al.



105© Springer Japan 2016
S. Ohno et al. (eds.), In Vivo Cryotechnique in Biomedical Research and Application 
for Bioimaging of Living Animal Organs, DOI 10.1007/978-4-431-55723-4_20

      Immunohistochemical Analyses 
on Albumin and IgG in Acute 
Hypertensive Mouse Kidneys       

     Zilong     Li      ,     Nobuo     Terada    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno   

    Abstract  

  The purpose of this study is to visualize topographical changes of serum proteins, albumin 
and IgG, passing through the mouse glomerular capillary loops and their reabsorption in 
renal proximal tubules by immunohistochemistry in combination with our “in vivo cryo-
technique.” Under the acute hypertensive condition, the albumin and kappa or lambda light 
chains, but not IgG1 heavy chain, were strongly immunolocalized in the apical cytoplasm 
of almost all proximal tubules. This study is the fi rst in vivo visualization for glomerular 
passage of serum proteins and their transtubular absorption.  

  Keywords  

  In vivo  cryotechnique     •   Acute hypertension   •   Mouse  kidney     •   Immunohistochemistry   • 
  Serum proteins  

20.1         Introduction 

 It has been already known that  hemodynamic factor   s  , such as 
 blood   pressure and fl ow, exert an important infl uence on 
native morphology of  glomerular capillary loop   s   in  living 
mouse kidney   s   [ 1 – 3 ]. In such cases, hyperfi ltrated  serum   
 protein   s   are usually processed for  increased reabsorption   in 
 renal proximal tubule   s   [ 4 ]. In the present study, dynamic dis-
tributions of  soluble serum protein   s   in mouse kidneys were 
immunohistochemically examined by the “ in vivo cryotech-
nique  ” from the viewpoint of different hemodynamics, 
because their  leakage   across the glomerular capillary loops 
and following  reabsorption   in  proximal convoluted tubule   s   
were assumed to be strictly time-dependent processes under 
the  acute hypertensive condition  .  

20.2     “In Vivo Cryotechnique” for Living 
Mouse Kidneys 

 Twelve adult C57BL/6 mice, weighting 20–30 g, were anes-
thetized with sodium pentobarbital. Then the abdominal cav-
ity of four mice was open, and left kidneys were detected 
under normal  blood    circulation  , as a control group. As the 
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fi rst experimental group of four mice to examine the glomeru-
lar  leakage   and subsequent  reabsorption   of  serum    protein   s   in 
renal tubules, a mouse model with acute renal hypertension 
was prepared by ligation of the abdominal aorta just below 
branching renal arteries for 10 min [ 1 ,  5 ,  6 ] (Fig.  20.1 ). To 
examine the  immunolocalization   of serum proteins in kidneys 
under a  heart-arrest    condition   as the second experimental 
group of four mice, the  blood fl ow   into kidneys was stopped 
due to heart arrest with overdoses of the injected anesthetic.

   Then the “ in vivo cryotechnique  ” was performed under such 
various  blood    fl ow   conditions as described in the  previous para-
graph. Briefl y, a  cryoknife   edge precooled in liquid nitrogen 
(−196 °C) was positioned over the left  kidney   (Fig.  20.1a ). The 
mouse kidney was cut with the cryoknife edge, and  liquid iso-
pentane  -propane cryogen (−193 °C) was simultaneously poured 
over it with an assistance of the “ in vivo cryoapparatu   s  ” (VI-11; 
Eiko Engineer Co. Ibaraki, Japan) (Fig.  20.1b ), which had been 
already invented for the purpose of “in vivo  cryotechnique  ” [ 7 ]. 
The frozen kidneys were carefully trimmed out with a dental 
drill in liquid nitrogen and then processed for the following 
 freeze-substitution   step (Fig.  20.1c ), as reported before [ 1 – 3 ].  

20.3     Immunolocalization of Albumin 
and  IgG   in Renal Proximal Tubules 

 To examine the glomerular  leakage   and  reabsorption   of 
 serum    protein   s   in  renal proximal tubule   s  , the  immunohisto-
chemistry   for  albumin   and  IgG   was performed on  paraffi n   
sections prepared by the “ in vivo cryotechnique  ” (Fig.  20.2 ). 
Under the  acute hypertensive condition  , however, in addition 
to the similar  immunolocalization   under the normotension, 
both albumin (Fig.  20.2b, c ) and IgG (Fig.  20.2e, f ) were 
clearly immunolocalized along cell membranes containing 
apical brush borders and also in the apical cytoplasm of most 
 proximal tubule   s   (Fig.  20.2c, f ).

20.4        Immunolocalization of  IgG   Light or 
Heavy Chains in Proximal Tubules 

 To examine whether IgGs with the full molecular length were 
leaked out through  glomerular capillary loop   s   under the  acute 
hypertensive condition  , another immunostaining analysis for 

  Fig. 20.1    ( a ) A schematic drawing of “ in vivo cryotechnique  ” for 
mouse kidneys under  acute hypertensive condition  . The abdominal aorta 
is ligated by thin thread just below both renal arteries. A left  kidney   is 
directly frozen in vivo with a  cryoknife  , and the  isopentane  - propane  

 cryogen   (−193 °C) precooled in liquid nitrogen is simultaneously poured 
over the cryocut kidney under the “ in vivo cryoapparatu   s  ,” as shown in 
( b ). ( c ) After the “in vivo  cryotechnique  ,” the frozen specimen is pro-
cessed for  immunohistochemistry  , as following in the  fl owchart        
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the  IgG   light or heavy  chain   was performed, respectively, on 
serial  paraffi n   sections (Fig.  20.3 ). In the cortex of mouse kid-
neys under such  acute hypertension  , both kappa (Fig.  20.3b ) 
and lambda (date not shown) light chains’ immunolabeling 
was clearly detected along the apical cell membranes of almost 
all  proximal tubule   s  , in the similar way to those revealed with 
the  antibody   against the full-length IgG described in the previ-
ous section. To the contrary, the antibody against the  IgG1   
heavy  chain   was not immunoreacted in such proximal tubular 
areas, but in the  blood    vessel   s   and the  interstitium   (Fig.  20.3c ).

20.5        Concluding Remarks 

 Under such an  acute hypertensive condition  , a high glomeru-
lar  blood    capillary   pressure mechanically changed the pas-
sage barriers of  molecular sieve  s in the glomerular  basement 
membrane  , as already observed at an electron microscopic 
level by the “ in vivo cryotechnique  ” [ 1 – 3 ]. This high pres-
sure of glomerular  blood capillaries   impaired the size- 
selective barrier function of the slit diaphragm and glomerular 
basement membrane, so that  serum    protein   contents in the 
glomerular fi ltrate were probably increased, which in turn 
caused the active  reabsorption   of such fi ltered  serum pro-
teins  , such as  albumin   and light chains of  IgG  , in proximal 
tubular  epithelial cell   s  , as shown in Fig.  20.2c, f  [ 8 – 10 ]. 

 We have also demonstrated the different  immunolocaliza-
tion   between kappa or lambda light chains and heavy chains 
of  IgG   in the  proximal tubule   s   of  living mouse kidney   s   under 
the hypertensive condition, as shown in Fig.  20.3 . The kappa 
and lambda light chains were clearly immunolocalized in the 
apical cytoplasm of almost all proximal tubules, but no heavy 
 chain   of IgG immunostaining was observed in such areas 
(Fig.  20.3c ). These fi ndings indicate that low molecular 
weight proteins, such as light chains of IgG and  serum    albu-
min  , easily leak in vivo through the glomerular  basement 
membrane   and also slit diaphragms and then are reabsorbed 
in the proximal tubules under the  acute hypertensive condi-
tion   [ 11 ,  12 ].  Some IgGs   were reported to be extensively 
trapped in the glomerular  basement membranes   under some 
pathological conditions, such as membranoproliferative glo-
merulonephritis, membranous nephropathy, and lupus 
nephritis [ 13 ,  14 ]. In such cases, they may be diffi cult to be 
leaked out into Bowman’s spaces, because of their large 
molecular chain structure and immune complexes. 

 In conclusion, the present “ in vivo cryotechnique  ” followed 
by the  freeze-substitution    method   can provide  dynamically 
changing image   s   of living animal renal tissues and also allows 
us to examine the in vivo  distribution   of fi ltered  serum    protein   s   
and their  reabsorption   in the renal tubules. The present fi gures 
were already published in our paper, Histol Histopathol (2005) 
20:807–816, and cited with their permissions.     

  Fig. 20.2    Immunohistochemical localization 
of  albumin   ( a - c ) and  IgG   ( d - f ) in mouse 
kidneys under the  acute hypertensive 
condition  , as revealed by the “ in vivo 
cryotechnique  ” ( a  and  d ,  HE  staining;  b  and 
 e , peroxidase- DAB ;  c  and  f , higher magnifi ed 
image). Under the  acute hypertension  , the 
 immunolocalization   of both albumin and IgG 
is clearly observed along the basolateral cell 
membranes and also in the apical cytoplasm 
of almost all  proximal tubule   s   ( b ,  c ,  e ,  f ). 
 Scale bar  20 μm       
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  Fig. 20.3    Light micrographs of mouse renal cortices on serial sections 
by HE staining ( a ) and immunolabeled by two kinds of  antibodies   
against  kappa light chain   ( b ) and  IgG1   heavy  chain   ( c ) under the  acute 
hypertensive condition  . Strong immunolabeling of the kappa light 
 chain   is observed in the apical cytoplasm of almost all  proximal tubule   s   
( b ). To the contrary, the IgG1 heavy chain is not seen to be localized in 
the apical cytoplasm of the proximal tubules ( c ), but in the glomerular 
 blood    capillaries   and  blood vessel   s   in the  interstitium   between the renal 
tubules.  Scale bar  20 μm       
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      Application of Novel “In Vivo 
Cryotechnique” in Living Animal 
Kidneys       

     Zilong     Li      ,     Xiaoyue     Zhai    ,     Nobuhiko     Ohno     ,     Nobuo     Terada     , 
and     Shinichi     Ohno    

    Abstract  

  To compare the infl uence of the different fi xation procedures on the distribution of endoge-
nous proteins of albumin and IgG in mouse glomeruli and identify the advantage of tissue 
fi xation method in living mouse renal glomeruli by “in vivo cryotechnique” (IVCT), four 
different fi xation methods were performed in mouse kidney tissues, such as (i) conventional 
immersion or (ii) quick-freezing following resected kidney tissues, (iii) quick-freezing fol-
lowing perfusion-fi xation, and (iv) “in vivo cryotechnique” for living mouse kidneys. Kidney 
glomeruli were noticeably contracted after conventional immersion-fi xation or quick-freez-
ing following resection compared to glomeruli from tissues preserved by the IVCT. With the 
IVCT, both albumin and IgG were colocalized exclusively along or within the glomerular 
capillary loops; however, immunoreactivity of these proteins in the other three methods was 
clearly detected in Bowman’s space and apical cytoplasm of the proximal tubules. With the 
IVCT, immunoreactivity of collagen type IV was very weak at the glomerular basement 
membrane (GBM) until microwave treatment, which increased its immunoreactivity. Using 
conventional fi xation method, aquaporin-1 (AQP-1) is abundant in the apical and basolateral 
membranes of renal proximal tubules and descending thin limbs, but the proteins were prom-
inent immunolocalization on the apical areas by “in vivo cryotechnique.” The “in vivo cryo-
technique” should be a reliable tool to maintain soluble serum proteins and AQP-1 in situ and 
capture transient images of functioning kidney in living mice.  

  Keywords  

  In vivo  cryotechnique     •   Fixation procedures   •   Mouse  kidney   tissues  

21.1         Introduction 

 Immersion-fi xation and  perfusion  - fi xation   are well known to 
be tissue fi xation techniques that have been applied widely in 
clinical and experimental research. However, these fi xation 
procedures usually cause transient  ischemia   and  hypoxia   and 
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translocation of components in cells and tissues, which can 
lead to changes in the tissues’ construction and function [ 1 , 
 2 ]. Furthermore, renal glomerular selectivity for permeable 
 serum   solutes and translocation of fi ltered  serum protein   s   
have never been directly visualized on  paraffi n   sections by 
light  microscopy   (LM) due to the technical limitations in pre-
paring specimens for  immunohistochemistry   using routine 
fi xation methods. The common fi xatives in buffer solution, 
such as  glutaraldehyde   and  paraformaldehyde  , need consider-
able time to completely cross-link and preserve the soluble 
substances during routine perfusion-fi xation or  immersion-
fi xation  . Many of these soluble substances are washed from 
the specimens, and the translocation of  soluble serum pro-
tein   s   occurs during the fi xation period. In addition, the speci-
mens from  freeze-substitution   technique are routinely 
embedded in paraffi n wax, presumably leaving many anti-
genic sites exposed due to formation of tiny  ice crystal   s   in the 
frozen cells and tissues [ 3 ,  4 ]. To adequately defi ne the func-
tional structures of tissues and cells in vivo, the in situ preser-
vation of cells and tissues in  living animal organ   s   is necessary. 
We previously developed the “ in vivo cryotechnique  ”(IVCT) 
[ 5 – 7 ], which is designed to transiently arrest dynamic struc-
tures in living animal organs by the combination of a  cryoknife   
precooled in liquid nitrogen (−196 °C) and  liquid isopentane  -
propane cryogen (−193 °C). With this technique, all biologi-
cal processes in living animal organs instantly stop and are 
embedded in the ice  microenvironment   while maintaining all 
their functional components in situ [ 2 ,  6 ]. 

 In the present, the periodic acid-Schiff ( PAS  ) staining was 
clearly detected in the specimens prepared by the “ in vivo 
cryotechnique  .” Therefore, we have used the conventional 
 PAS staining   with its fl uorescence emission as a marker for 
 GBM  . We compared the fl uorescence emission of PAS stain-
ing with immunofl uorescence of  serum    protein   s  , on the same 
section to analyze their  distribution   in the  living mouse kid-
ney   s  . On the other hand, the localization of  AQP-1   in  proxi-
mal tubule   s   has never been directly visualized on  paraffi n   
sections by “in vivo  cryotechnique  .”  

21.2      PAS   Staining and Immunolocalization 
of Albumin and  IgG   in Glomeruli 

 To visualize topographical migrations of  serum    protein   s   
such as  albumin   or  IgG   passing through  GBM   fi ltration bar-
riers under various fi xation conditions, we used the  PAS    fl u-
orescence   emission as a marker for the GBM in combination 
with immunostaining for several serum proteins on the same 
sections. Under normotensive condition, immunoreaction 
products of both albumin and IgG were exclusively colocal-
ized along or within the GCL, and only IgG  immunolocal-
ization   was also seen in some mesangial areas. Neither 
albumin nor IgG was immunolocalized in Bowman’s space. 

On the contrary, under  quick-freezing   after tissue resection 
and conventional  immersion-fi xation   conditions, immunore-
action products of both albumin and IgG were found to be 
localized in Bowman’s space. Under quick-freezing follow-
ing  perfusion  - fi xation   condition, however, both of albumin 
and IgG were partially washed out and immunostaining was 
weakly detected in glomerular  blood    capillary   loops than 
that under other conditions due to the perfusion-fi xation. In 
addition, the immunostaining of both albumin and IgG was 
more clearly seen on apical cell membranes of  proximal con-
voluted tubule   s   and some Bowman’s spaces at the artifi cial 
state washing out all of the circulating proteins (Fig.  21.1 ).

   Under the normotensive condition by “ in vivo cryotech-
nique  ,” the immunofl uorescence for  albumin   and  IgG   was 
exclusively detected in GCL with little colocalization with 
the  PAS    fl uorescence   emission, and IgG was also at MA. To 
the contrary, under the  quick-freezing   of resected  kidney   tis-
sues or with  immersion-fi xation   condition, both of the albu-
min and IgG immunoreactivity were also detected in 
Bowman’s space. These fi ndings suggest that some amounts 
of albumin or IgG, which are almost kept within GCL under 
the normotensive condition, easily pass through the  GBM   
and translocate into Bowman’s space under the quick- 
freezing of resected kidney tissues or immersion-fi xation 
condition (Fig.  21.2 ).

21.3        Metal-Enhanced 
3,3′-Diaminobenzidine (DAB) Staining 
of Collagen Type IV and Aquaporin- 
1( AQP-1  ) in Living Mouse Glomeruli 
and Proximal Tubules 

 The common HE staining was performed to examine native 
morphology in the  living mouse kidney   s  , as obtained by the 
“ in vivo cryotechnique  .” Well-preserved areas of renal cortices 
under normotensive conditions could be obtained within 300–
400 μm from the frozen surface tissues without visible  ice 
crystal   s   at a light microscopic level, and the GCLs are kept 
open. Although  collagen type IV   is reported to be clearly 
immunolocalized in the  GBM   and MAs after a conventional 
fi xation method, when we employed the “in vivo  cryotech-
nique  ,” we found marked  immunolocalization   of collagen 
type IV in the MAs, but only weakly immunolocalized on the 
GBM. To visualize the expression of water channel  AQP-1   in 
living mouse  proximal tubule   s  , the immunostaining for AQP-1 
was performed, respectively, on  paraffi n   section with “in vivo 
cryotechnique” and  perfusion  - fi xation       methods. Using perfu-
sion-fi xation method, the immunoreaction product of AQP-1 
was observed clearly along the basolateral membrane of prox-
imal tubule, and its  distribution   was disorganized and irregular 
on the brush border and apical cell membrane along the proxi-
mal tubule due to the artifi cial state (Fig.  21.3 ).
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21.4        Concluding Remarks 

 The fluorescence emission of  PAS    staining   allowed us to 
examine the precise  immunolocalization   of  serum    pro-
tein   s   at the  GBM   under  various hemodynamic condition   s   
of  living mouse kidney   s   in combination with the “ in vivo 
 cryotechnique  ”  followed by freeze substitution. In addition, 

the “in vivo  cryotechnique  ” would be a  reliable tool   
to observe  soluble serum protein   s   and water channel 
 AQP-1   in situ and capture transient images of function-
ing glomeruli in the living mice [ 1 ,  2 ,  5 ,  7 – 9 ]. The 
present figures were already published in our paper, 
Microsc Res Tech (2013) 76:113–120, and cited with 
their permissions.     

  Fig. 21.1    Confocal laser scanning micrographs showing the  distribu-
tion   of endogenous  albumin   ( red color ) and  IgG   ( green color ) in living 
mouse glomeruli under four different fi xation methods. ( a ) Both albu-
min and IgG were exclusively colocalized along or within the  glomeru-
lar capillary loop   s   ( GCLs ) with the “ in vivo cryotechnique  ” ( IVCT ), ( b ) 
under  quick-freezing   following resection ( QF ), and ( c ) conventional 

 immersion-fi xation   ( IF ); ( d ) we found both albumin and IgG in 
Bowman’s space. Under quick-freezing following  perfusion  - fi xation   
( PF ), we detected a weak indication of both albumin and IgG in the 
GCLs, but more clearly detected these proteins in Bowman’s space and 
on apical cell membranes of  proximal convoluted tubule   s  .  Scale bars  
10 mm       
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  Fig. 21.2    Confocal laser scanning micrographs showing  albumin   or 
 IgG   ( green color ) passing through  GBM   fi ltration barriers under vari-
ous fi xation conditions using the  PAS    fl uorescence   emission ( red color ) 
as a marker for the GBM. With the IVCT ( a ,  b ), the immunofl uores-
cence for albumin and IgG was exclusively detected in GCLs with little 
colocalization with the PAS fl uorescence emission, and IgG was also in 

mesangial areas ( b ). After QF ( c ,  d ) or IF ( e ,  f ), both albumin and IgG 
immunoreactivities were detected in Bowman’s space on the opposite 
side of the GCLs and bordered by the PAS-positive GBM. The overlap-
ping images of albumin or IgG immunoreactivity with PAS fl uores-
cence emission, represented by a  yellow color , was more widely 
apparent with IF ( e ,  f ) than with QF ( c ,  d ). Scale bars 10 mm       
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  Fig. 21.3    Light micrographs showing  immunolocalization   of  aquapo-
rin-1   ( AQP-1  ) in living mouse  proximal tubule   s   on  paraffi n   section. 
Under PF, AQP-1 had a disorganized and irregular  distribution   on the 
brush border and apical cell membrane along the proximal tubules and 
was also clearly found along the basolateral membrane of the proximal 

tubules, which is an artifi cial state ( a ). With the IVCT, AQP-1 was 
labeled intensely and regularly on the brush border and apical cell 
membrane along the proximal tubules, but only weakly labeled along 
the basolateral membrane. There was also little immunostaining 
detected in the initial part of the proximal tubules ( b )       
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      Application of Periodic Acid-Schiff 
Fluorescence Emission 
for Immunohistochemistry of Living 
Mouse Renal Glomeruli       

     Zilong     Li      ,     Nobuo     Terada    , and     Shinichi     Ohno   

    Abstract  

  Glomerular basement membrane (GBM) plays a critical role in preventing serum protein 
leakage into Bowman’s space. By using “in vivo cryotechnique (IVCT),” the periodic acid- 
Schiff (PAS) fl uorescence emission was well-represented GBM instead of immunostaining 
of collagen type IV, which was diffi cult to observe without the microwave treatment in 
specimens. Serum protein distribution in living mouse glomeruli was better visualized with 
IVCT compared with other conventional methods. Under normal condition, immunoreac-
tion products of albumin and immunoglobulin G heavy and light chains (IgG (H+L)) were 
localized within glomerular capillary loops (GCL) but not colocalized with the PAS fl uores-
cence emission of the GBM. Under heart-arrest condition and with quick-freezing of 
resected tissues, albumin, IgG (H+L), immunoglobulin kappa light chain, and IgG1 heavy 
chain (IgG1) were immunolocalized within GCL and mesangial areas, but only albumin 
and kappa light chain were additionally immunolocalized in Bowman’s space, indicating 
their passage through GBM. Under acute hypertensive condition, both albumin and kappa 
light chain, but not IgG1, were clearly immunolocalized along GBM and in Bowman’s 
space, indicating their increased passage through GBM. The overlapped areas of PAS fl uo-
rescence emission and albumin or kappa light chain were appeared to be larger with quick- 
freezing and under the heart-arrest or acute hypertensive condition than under normal 
circulation, whereas those of PAS emission and IgG1 were not different among those condi-
tions. These results suggest that PAS fl uorescence emission combined with IVCT allowed 
us to investigate the serum proteins passing through GBM induced by hemodynamic 
changes.  
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22.1         Introduction 

 The hemodynamic changes in animal kidneys are well 
known to cause abnormal  leakage   of serum  protein   s   through 
 glomerular fi ltration barrier   s  , leading to  proteinuria  , which is 
closely related to progression of renal diseases in experimen-
tal animal studies and clinical human cases [ 1 ,  2 ]. The 
charge- and size-selective glomerular fi ltration barriers 
against  serum    protein   s   were composed of highly fenestrated 
 endothelium  , glomerular  basement membrane   s   ( GBM  ), and 
 podocytes   [ 3 ,  4 ]. Although there are some evidences [ 1 ,  5 ] 
suggesting key roles of GBM for the fi ltration barriers of 
serum proteins, one of the technical problems to reveal the 
 immunolocalization   of serum proteins would be due to their 
preparation procedures of the in situ drip-fi xation with aque-
ous aldehyde fi xatives [ 6 ]. 

 The “ in vivo cryotechnique  ” (IVCT) has been already 
developed for the past decade [ 7 – 9 ], which is designed to 
capture transiently dynamic morphology of  living animal 
organ   s  . Using IVCT followed by  freeze substitution  , the dif-
fusion of  soluble component   s   would be mostly restricted 
[ 10 ], and many antigenic sites would be exposed in the frozen 

cells and tissues [ 11 ]. However, in  living mouse kidney   speci-
mens prepared by IVCT,  collagen type IV  , laminin 5, fi bro-
nectin, and perlecan, the widely used markers for  GBM   
[ 12 – 15 ], were not clearly immunostained. To elucidate the 
 distribution   alternation of  serum    protein   s   in living mouse  kid-
ney   under  various hemodynamic condition   s  , the fl uorescence 
emission of periodic acid-Schiff ( PAS  ) staining was utilized 
for representing GBM, and serum protein immunolocaliza-
tions were examined in  living mouse kidneys   by IVCT.  

22.2     Application of  PAS   Fluorescence 
Emission for Glomerular Basement 
Membrane 

 The  PAS    staining   of  nephrons   is specifi c for glomerular or 
tubular  basement membrane   s  , mesangial areas (MA), and 
proximal tubular brush borders in  living mouse kidney   s   [ 16 ]. 
By using the common PAS staining (Fig.  22.1a ) followed 
with immunostaining for zonula occludens-1 (ZO-1) 
(Fig.  22.1c ), a specifi c marker of  foot process   es   in glomeruli 
[ 17 – 20 ], the  PAS fl uorescence   emission can be shown to be 

  Fig. 22.1    Representative light micrograph ( a ) and  confocal laser   scan-
ning micrographs ( b – d ) showing periodic acid-Schiff staining (  PAS   ;  a ), 
its fl uorescence emission (  PAS fl uorescence     emission ;  b ), and immuno-
fl uorescence staining for zonula occludens-1 ( ZO-1 ;  c ) on the same sec-
tion prepared by “ in vivo cryotechnique  ” under the normotensive 

condition. The layer at glomerular  basement membrane   positive for 
PAS fl uorescence emission mostly surrounds the  glomerular capillary 
loop   s   and closely localizes near the  foot process   layers visualized by 
the ZO-1 immunostaining ( d ,  arrows  and  arrowheads ).  Gl  glomeruli, 
 PT   proximal tubule   s  ,  asterisks   blood    capillaries  .  Scale bars  10 μm       
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localized at the  GBM   and MA in the  glomerulus   (Fig.  22.1b ). 
The fl uorescence-merged image clearly showed that the 
immunofl uorescence for ZO-1 mostly outlines the PAS fl uo-
rescence emission of the GBM (Fig.  22.1d ), indicating fl uo-
rescence emission of PAS was effectively represented 
GBM. The immunostaining for GBM with specifi c   antibodies     
against collage type IV was hardly successful in the speci-
mens prepared with the IVCT (unpublished data), although 
the immunoreactivity of  collagen type IV   was increased at 
GBM after the  microwave   treatment on  paraffi n   sections pre-
pared with IVCT. The differences in “immunoreactivity” 
would be due to that small reagents in the PAS staining pro-
cesses could be easily bound to the target molecular sites of 
the compact GBM with  serum    protein   s  , whereas larger mol-
ecules of antibodies were diffi cult to reach them using IVCT 
followed by freeze substitution.

22.3         Alternation   of Serum Protein 
Distribution in Glomeruli Under 
Various Hemodynamic Conditions 

 As  PAS    fl uorescence   emission has been well identifi ed to 
represent  GBM  , the  distribution   of  serum    protein   s   in living 
mouse glomeruli could be estimated by comparing the 
 immunolocalization   of serum proteins and GBM using PAS 
fl uorescence emission combined with IVCT. Serial sections 
of kidneys under different  hemodynamic condition   s   were 
prepared with IVCT and immunostained to detect the distri-
bution of  albumin  ,  immunoglobulin    G   heavy and light chains 
( IgG   (H+L)), as well as the  kappa light chain   and  IgG1   heavy 
 chain  s (IgG1) (Fig.  22.2 ).

   Under normal  hemodynamic condition  , both  serum    albu-
min   and  IgG   were almost kept within GCL (Fig.  22.2a, e ), 
and their immunoreactivity was more widely overlapped 
with the  PAS    fl uorescence   emission under the  acute hyper-
tensive condition   (Fig.  22.2d, h ). Although the main fi ltra-
tion barrier was reported to be  GBM   itself by  electron 
microscopy   [ 5 ,  21 ], other reports also demonstrated that slit 
diaphragms of  foot process   es   formed the ultimate fi ltration 
barrier for macromolecular  permeability   [ 22 ,  23 ]. 
Considering these previous reports, our fi ndings suggest that 
more  serum protein   s   reached the outer layer of GBM under 
the acute hypertensive condition and the slit diaphragms 
would play a signifi cant role especially in such pathological 
or physiological states. The translocation of serum proteins 
may be due to the acutely increased pressures in the GCL, 
and if the  blood   pressures were temporarily so high, lots of 
serum proteins would leak out into Bowman’s space. 

 Under abnormal conditions, the  leakage   of  albumin   
(Fig.  22.2b–d ) and  kappa light chain   (Fig.  22.2j–l ), but not 

 IgG1   (Fig.  22.2n–p ), was clearly detected in Bowman’s 
space. Serum proteins with low molecular weights, such as 
 albumin   and kappa light chains, could easily translocate to 
the urinary space and reabsorbed in the convoluted  proximal 
tubule   s   [ 24 – 27 ]. On the other hand, larger or cationic mole-
cules, such as IgGs, were trapped in the  GBM   and hardly 
leaked out into Bowman’s spaces under some physiological 
or pathological conditions, such as membranoproliferative 
glomerulonephritis, membranous nephropathy, and lupus 
nephritis [ 28 – 30 ]. The differences of protein  immunolocal-
ization   are undoubtedly due to the size and charge selectivity 
of the GBM [ 31 ]. 

 In the present experiment, the overlapping of  PAS    fl uores-
cence   emission with the  IgG   (H+L) immunoreactivity close 
to Bowman’s space appeared to be prominent at some parts 
on one side of the GCL under the  acute hypertensive condi-
tion   (Fig.  22.2h ). As such heterogeneity of leaking areas was 
also observed using extrinsic tracers [ 21 ], the  leakage   degree 
of  serum    protein   s   would exhibit their heterogeneous immu-
nolocalizations not only among glomeruli but also among 
GCL under the acute hypertensive condition. 

 The  leakage   of both  albumin   and  IgG   (H+L) through 
 GBM   into Bowman’s spaces was detected under the  heart- 
arrest      condition   (Fig.  22.2b, f ) or with the  quick-freezing   of 
the resected  kidney   tissues (Fig.  22.2c, g ), which might be 
caused by low  blood   pressures and  ischemia  , resulting in 
serious alteration of GCL structures and molecular organiza-
tion [ 5 ,  32 ]. Moreover, the ischemia or  hypoxia  , including 
the hypotensive condition, was reported to induce changes of 
the glomerular structures and also damages of intercellular 
junctions in renal vasculatures, resulting in the increased 
vascular  permeability   and local interstitial edema of kidneys 
[ 7 ,  33 – 35 ].  

22.4     Concluding Remarks 

 In conclusion, the fl uorescence emission of  PAS    staining   
allowed us to examine the precise  immunolocalization   of 
 serum    protein   s   at the  GBM   under  various hemodynamic 
condition   s   of  living mouse kidney   s   in combination with the 
IVCT followed by freeze substitution. In addition, the IVCT 
would be a  reliable tool   to observe  soluble serum protein   s   in 
situ and capture transient images of functioning glomeruli in 
the living mice. Further detailed analyses, e.g., by using 
 immunoelectron microscopy   in conjunction with the “ in vivo 
cryotechnique  ,” would enable us to characterize the changes 
of soluble serum proteins around GBM, which may be new 
fi ndings of clinical importance. The present fi gures were 
already published in our paper, Arch Histol Cytol (2006) 
69:147–161, and cited with their permissions.     
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  Fig. 22.2    Representative  confocal laser   scanning micrographs show-
ing the alternation of  serum    protein      ( green color )  distribution   in  living 
mouse kidney   under  various hemodynamic condition   s   using  PAS    fl uo-
rescence   emission ( red color ). Nuclei are labeled with TO-PRO-3 ( blue 
color ). Under the normotensive condition (normotension), the  immuno-
localization   of  albumin   ( a ) is primarily restricted within  glomerular 
capillary loop   s   ( GCL ;  arrowhead ) and slightly overlapped with the PAS 
fl uorescence emission at glomerular  basement membrane   (  GBM   ; 
 arrows ); immunolocalizations of  immunoglobulin    G   high and light 
chains ( IgG   (H+L),  e ), the  kappa light chain   (kappa,  i ), and  IgG1   heavy 
 chain   (IgG1,  m ) are detected within GCL and at some mesangial areas 
( MA ;  arrowheads ). Under the  heart-arrest    condition   (heart arrest) and in 
the  kidney   tissues quickly frozen after tissue resection (resection), the 
GCL are collapsed, and the leaked albumin is additionally immunolo-
calized in Bowman’s space ( b  and  c ,  arrowheads ); immunoreaction 
products of IgG (H+L) are also localized in Bowman’s space ( f  and  g , 
 arrows ); kappa are clearly localized in Bowman’s space and also  proxi-
mal convoluted tubule   s   ( j  and  k ,  arrows ); IgG1 are localized at MA ( n  

and  o ,  arrowheads ), but neither in Bowman’s space nor in proximal 
convoluted tubules. Under the  acute hypertensive condition   (hyperten-
sion), albumin is more clearly immunolocalized in Bowman’s space ( d , 
 arrowheads ); IgG (H+L) immunostaining is clearly detected in 
Bowman’s space and also in proximal convoluted tubules ( h ,  arrows ); 
kappa is immunolocalized in Bowman’s space ( l ,  right upper inset , 
 arrows ), the MA ( arrowhead ), and the apical cytoplasm of some  proxi-
mal tubule   s   ( arrows ); IgG1 is detected exclusively within the GCL and 
at some MA ( p ,  arrowheads ), but not in Bowman’s space. In addition, 
under the heart-arrest or acute hypertensive conditions and in the kid-
ney tissues quickly frozen after tissue resection, the glomerular areas, 
where the immunoreactivity of albumin ( b – d ), IgG (H+L) ( f – h ), kappa 
( j – l ), and PAS overlapped each other ( arrows ), respectively, appear to 
become wider than those under the normotensive condition ( a ,  e ,  i , 
 arrows ), whereas the overlapping of IgG1 and PAS appears to be 
unchanged ( m – p ,  double arrowheads ).  Gl  glomeruli,  PT  proximal 
tubules,  asterisks   blood    capillaries  .  Scale bars  10 μm       
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    Abstract  

  In living mouse kidneys, distributions of soluble proteins are usually diffi cult to analyze 
using conventional tissue preparation methods. However, “in vivo cryotechnique” (IVCT) 
followed by freeze-substitution is useful to examine immunolocalizations of the serum pro-
teins in kidneys of bovine serum albumin (BSA)-overloaded mice. Following 2 days of 
daily intraperitoneal injection of BSA, proteinuria was evident, and BSA along with endog-
enous mouse albumin could be immunohistochemically detected in Bowman’s space as 
well as urinary tubules of adult mouse kidneys with IVCT. Immunostaining for BSA and 
mouse albumin was detected in Bowman’s space and proximal tubules of all nephrons, 
although IgG1 was not detected in about 45 % of nephrons. Immunolocalization of BSA 
and IgG1 observed with IVCT was different from those observed with the conventional 
preparation methods, which lack normal blood circulation of kidneys prior to fi xation. The 
immunolocalization of BSA and mouse serum proteins observed with IVCT suggests that 
glomerular fi ltration barriers in living mice are functionally impaired in a manner depen-
dent on each nephron at the early stages of the BSA-overload mouse model.  

  Keywords  

  Immunohistochemistry   •   In vivo  cryotechnique     •   Bovine  serum    albumin     •   Protein-overload 
mouse   •   Proteinuria  

23.1         Introduction 

 The  proteinuria   is a common feature of chronic renal diseases 
in  clinical medicine  . Normally, a fraction of intermediate 
molecular weight (IMW) proteins, whose molecular weight 
ranges from 40 kD to 100 kD, can pass through the glomerular 
barrier to get into Bowman’s space [ 1 ,  2 ]. The IMW proteins 
including  albumin   and lower molecular weight (LMW) pro-
teins whose molecular weight is less than 40 kD are reab-
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sorbed almost completely in the  proximal tubule   s   [ 3 ]. In 
chronic  kidney   diseases, increased  permeability   of  glomerular 
fi ltration barrier   resulted in increased  leakage   of IMW proteins 
through the barrier, although leakage of higher molecular 
weight (HMW) proteins, including  immunoglobulin    G   (IgG)   , 
is not obvious initially. When disruption of  glomerular fi ltra-
tion barriers   worsens, the HMW proteins leak out to appear in 
the proximal tubules and are subsequently excreted in the 
urine [ 4 ]. The “ in vivo cryotechnique  ” (IVCT) followed by 
 freeze-substitution   can directly cryofi x  living animal organ   s   
and stabilize  soluble protein  s of cells and tissues for preserva-
tion of their antigenicity [ 5 – 8 ]; the in situ immunolocaliza-
tions of extrinsic BSA or endogenous mouse  serum    protein   s   
were examined with IVCT in the BSA-overload mouse model 
[ 9 ]. The results were also compared with fi ndings obtained 
with conventional tissue preparation methods [ 9 ].  

23.2     BSA Immunolocalization in Nephrons 
of Living Mice 

 Animals show  proteinuria   after overloading  bovine serum 
albumin   (BSA) for a few days (Fig.  23.1 ) [ 9 ]. Immune com-
plex deposition is absent from glomeruli, but the severe pro-
teinuria has been related to morphological alterations of 
glomerular epithelium [ 10 – 13 ]. Reabsorption of  serum    pro-
tein   s   such as  IgG   and  albumin   was found in the tubular epi-
thelium of BSA-overload rats [ 11 ,  13 ]. IVCT was performed 
by placing the  living mouse kidney   on rubber plate and cut-
ting the kidneys with a  cryoknife   precooled in liquid nitro-
gen when the  isopentane  -propane  cryogen   was poured over 
the exposed kidneys (Fig.  23.1 ). IVCT revealed that many 
 fl owing erythrocyte   s   could be seen inside the open  glomeru-
lar capillary loop   s   and  blood    vessel   s   in  interstitium   of  living 

mouse kidneys   [ 9 ]. The exogenous BSA was clearly immu-
nolocalized in those blood vessels and also the basal infold-
ing in the  proximal convoluted tubule   s  . BSA immunostaining 
was weakly detected in Bowman’s space [ 9 ], indicating that 
BSA passed through the glomerular  basement membrane   s  .

   IVCT yields fewer morphological  artifacts   through direct 
 cryofi xation   of the living animal kidneys in vivo. During the 
subsequent  freeze-substitution   step at about −80 °C,  organic 
solvent  s with fi xatives minimize diffusion of the  serum    pro-
tein   s   soluble to  aqueous solution  . Less compact  cross- linking     
of structural components of cryotechniques preserves the anti-
genicity of molecules inside the tissue sections [ 14 ]. These 
advantages of IVCT presumably resulted in the clear  immuno-
localization   of  soluble serum protein   s   including BSA.  

23.3     Immunolocalization of Various Serum 
Proteins 

 Immunostaining for  IgG1   heavy  chain   (IgG1)   ,  kappa light 
chain   (Kappa), and  mouse albumin   along with BSA on serial 
sections prepared with IVCT revealed distributions of  serum   
 protein   s   with different molecular weights in the identical 
 nephrons   of the BSA-overload mice [ 9 ]. Immunolocalization 
of Kappa showed free kappa light chains and all types of 
immunoglobulins containing kappa light chains, while 
 immunolocalization   of IgG1 indicated the localization of 
intact IgG1 molecules. BSA, mouse  albumin  , and Kappa but 
not IgG1 were immunohistochemically detected in 
Bowman’s glomerular space and the apical cytoplasm of epi-
thelium in  proximal convoluted tubule   s   in nine nephrons out 
of 21 (Fig.  23.2 ) [ 9 ]. In the other nephrons, all of Kappa, 
IgG1, BSA, and mouse albumin could be detected in the 
Bowman’s spaces and proximal convoluted tubules 
(Fig.  23.2 ). Although both albumin and Kappa could be 
detected in almost all nephrons of the BSA-injected mice, 
immunoreactivity of albumin and Kappa was observed in 
seven glomeruli/fi ve urinary tubules and in fi ve glomeruli/six 
urinary tubules out of 20 nephrons of control mice, respec-
tively [ 9 ]. IgG1 was not detected in any glomeruli or urinary 
tubules of nephrons from the control mice [ 9 ].

   The  immunolocalization   of various molecular weight pro-
teins which was different among  nephrons   in kidneys of the 
BSA-overload mouse might be attributable to defects in size 
and charge barrier of glomeruli [ 15 ]. Damage to the fi ltration 
barrier may fi rst impair their  charge-barrier   functions and 
result in marked increase of  albumin   passage. The impaired 
charge barrier would fi rst appear only in the limited number 
of nephrons, causing the functional heterogeneity of neph-
rons. Although the anionic sites of the glomerular  basement 
membrane   s   were histochemically unaltered [ 10 ,  13 ], glomer-
ular anions were lost in the similar rat model produced by 
BSA overload [ 16 ]. Severer damage on the barrier structures 
results in impairment of the  size-barrier   function, and HMW 

  Fig. 23.1    Schematic drawing of experimental design and “ in vivo 
cryotechnique  ” (IVCT) used in the study [ 9 ]. Following two consecu-
tive daily intraperitoneal injection of  bovine serum albumin   (BSA), 
 kidney   specimens of those mice were prepared with IVCT ( a ). Control 
specimens were obtained following intraperitoneal injection of half 
saline instead of BSA. To obtain kidney specimens with IVCT, left kid-
neys were gently exposed under anesthesia, and they were simultane-
ously cut with  cryoknife   and contacted  isopentane  -propane  cryogen   
(−196 °C) using “ in vivo cryoapparatu   s  ” ( b ). Rubber plates were placed 
under the kidney to prevent translocation upon cutting       
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  Fig. 23.2    Serial sections obtained from the BSA-overloaded mouse 
kidneys with “ in vivo cryotechnique  ” and stained with hematoxylin- 
eosin (HE;  a ,  f ,  k ,  n ) or immunostained for  bovine serum albumin   
(BSA;  b ,  g ),  mouse albumin   (Alb;  c ,  h ,  l ,  o ), mouse  immunoglobulin   
 kappa light chain   (Kappa;  d ,  i ), and mouse  immunoglobulin G   1   heavy 
 chain   ( IgG1  ;  e ,  j ,  m ,  p ) show that immunoreaction products of BSA, 
Alb, and Kappa, but not IgG1 ( e ,  arrowhead ;  j ,  asterisk ), are localized 
in Bowman’s space ( b ,  c ,  d ,  arrowheads ) and  proximal convoluted 

tubule   s   ( g ,  h ,  i ,  arrows ) in some  nephrons  . In other nephrons, immuno-
reaction products of IgG1 are observed in the Bowman’s space ( m , 
 arrowheads ) and proximal convoluted tubules ( p ,  arrow ), together with 
those of Alb ( l ,  arrowheads ;  o ,  arrow ). Serial sections of the areas 
marked with rectangles in ( a ), ( f ), ( k ), and ( n ) are immunostained and 
magnifi ed in ( b )–( e ), ( g )–( j ), ( l )–( m ), and ( o )–( p ), respectively. Scale 
bars: 10 μm. (The fi gure was adapted from Zhou et al. [ 9 ].)       
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proteins, including  IgG  , pass through the barrier. Previous 
studies showed impaired size selectivity in the rat BSA-
overload model by measurement of the clearances of neutral 
dextrans [ 15 ]. The impairment of glomerular size barrier was 
already present in some nephrons of living mice even after 
2 days of the daily BSA injection. Since  serum    protein   s   with 
different molecular weights immunolocalized differently in 
nephrons, damages on many nephrons may be spatially and 
temporally variable in the BSA-overloaded mice.  

23.4     Comparisons with the Conventional 
Preparation Methods 

 The immunostaining for BSA was weakly remained inside 
the collapsed  glomerular capillary loop   s  , and more BSA 
immunoreactivity was observed in Bowman’s space with 

the conventional  immersion-fi xation   followed by  dehydra-
tion   method (Fig.  23.3 ) [ 9 ]. The dot-like BSA immunostain-
ing was also observed within some of the tubular lumens, 
but the immunoreactivity of BSA was little in the basal 
striation parts of urinary tubules (Fig.  23.3 ). With  perfusion  -
 fi xation  , open lumens of glomerular capillary loops were 
observed, and weak BSA immunostaining was found in 
 proximal convoluted tubule   s  , Bowman’s space, and the glo-
merular or interstitial  blood    capillaries  . With perfusion-fi xa-
tion followed by immersion-fi xation, the immunostaining 
patterns resembled tissue samples prepared by perfusion-
fi xation followed by  quick-freezing   (Fig.  23.3 ). With the tis-
sue resection followed by quick-freezing, on the other hand, 
the immunostaining for BSA at basal striation portions in 
the urinary tubules was detected, and large immunoreaction 
products of  IgG1   were also observed within Bowman’s 
space and in the apical cytoplasm of  epithelial cell   s   in uri-

  Fig. 23.3    Immunostaining for  bovine serum albumin   (BSA) in the 
BSA-overloaded mouse  kidney   prepared with tissue resection fol-
lowed by  immersion-fi xation   (RI;  a ),  perfusion  - fi xation   followed by 
immersion- fi xation (PI;  b ), and perfusion-fi xation followed by  quick- 
freezing     (PQ;  c ) shows that  immunolocalization   of BSA in the glo-
merular capillaries ( a ,  small arrow ;  b ,  c ,  large arrows ), Bowman’s 
spaces ( a ,  large arrow ;  b ,  c ,  small arrows ), and urinary tubules ( a – c , 
 arrowheads ) is signifi cantly changed depending on the tissue prepara-

tion methods. Immunostaining for BSA ( d ) and mouse  immunoglobu-
lin    G   1   heavy  chain   ( IgG1  ;  e ) in the BSA-overloaded mouse kidney 
prepared with tissue resection followed by quick-freezing (RQ) shows 
the passage of BSA into Bowman’s space ( d ,  small arrow ) and uri-
nary tubules ( d ,  large arrows ) and dotted immunoreaction products of 
IgG1 in Bowman’s space ( e ,  small arrow ) and urinary tubules ( e , 
 large arrows ). Scale bars: 10 μm (The fi gure was adapted from Zhou 
et al. [ 9 ])       
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nary tubules (Fig.  23.3 ). The fi ndings clearly showed that 
the  distribution   of  serum    protein   s   was different among the 
preparation methods. The morphology as well as distribu-
tion of different molecules in kidneys can be affected by 
both  ischemia   and  anoxia   caused following common resec-
tion of  tissue specimens. Heart arrest or tissue resection may 
cause translocation of the serum proteins into urinary space 
[ 17 ]. Furthermore, because of the artifi cial pressures which 
would wash out the serum proteins, perfusion-fi xation sig-
nifi cantly affects the  immunolocalization   of serum proteins 
[ 18 – 20 ].

23.5        Concluding Remarks 

 Application of IVCT to the mouse BSA-overload model 
clearly revealed  immunolocalization   of intrinsic and extrin-
sic  serum    protein   s   in glomeruli, Bowman’s space, and uri-
nary tubules. IVCT is a powerful approach to study 
 nephron  -specifi c pathology with  proteinuria   in animal dis-
ease models.     
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    Abstract  

  In vivo cryotechnique (IVCT) has been useful to examine native immunolocalizations of 
soluble proteins in animal kidneys, refl ecting their living states. By using them, we have 
examined some immunolocalized proteins in nephrons of rat kidneys under experimental 
nephropathy induced by puromycin aminonucleoside (PAN) administration. At day 3 or 
day 9 after intraperitoneal PAN injection, IVCT was routinely performed for kidneys of 
anesthetized rats and followed by freeze-substitution fi xation. Serial tissue sections were 
fi rst stained with hematoxylin-eosin (HE) and then immunostained for serum albumin and 
IgG1. The excretion of urinary proteins began to increase at day 3. Plasma protein analyses 
indicated the typical nephrosis. At day 3, although little morphological changes were 
detected by HE staining, both albumin and IgG1 were immunolocalized along cytoplasm of 
podocytes and in apical parts of epithelial cells of proximal convoluted tubules. At day 9, 
intravascular congestion of erythrocytes was observed in almost all of the glomerular base-
ment membranes (GBMs). Their relative immunoreactivities of albumin and IgG1 were 
weaker within blood vessels including GBMs. IVCT revealed dynamically changing pro-
cesses of protein excretion and reabsorption in various segments of nephrons.  
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24.1         Introduction 

 The  PAN    nephropathy   model is well known to induce mas-
sive  proteinuria   by only one injection of PAN [ 1 ,  2 ]. Such 
pathological fi ndings were already reported to resemble those 
in the human minimal change nephrotic syndrome (MCNS) 
[ 3 ]. It is also suggested that the PAN administration specifi -
cally damages glomerular  podocytes  , but it hardly infl uences 
other tubulointerstitial regions. Therefore, this PAN nephrop-
athy model has been always accepted to be useful to analyze 
pathological conditions of the nephrotic syndrome and to 
evaluate medicines to decrease proteinuria for its clinical 
treatment. At a light microscopic level, little morphological 
changes were detected in  nephrons   of this PAN nephropathy 
model, which are clinically similar to human MCNS. At an 
electron microscopic level, however, typical effacements of 
 foot process   es   of podocytes in glomerular  basement mem-
brane   s   (GBMs) are characteristic fi ndings, which are hardly 
clarifi ed at lower resolution of light  microscopy  . 

 In normal rat kidneys, fi ltration of  serum    albumin   and  IgG   
through GBMs has been reported to be relatively restricted, 
because of molecular size barrier [ 4 ] and charge barrier [ 5 ] in 
the glomerular  basement membrane  . In human MCNS, 
molecular contents of  proteinuria   are highly selective, because 
 albumin  , but not IgG, is always detected in the urine. However, 
it has been diffi cult to evaluate direct immunolocalizations of 
the soluble serum IgG in  kidney   tissues by the conventional 
fi xation methods, due to antigen masking and/or  diffusion 
artifact   s   of such  soluble protein  s. In contrast, our IVCT and 
following  freeze-substitution      (FS) fi xation have been reported 
to reveal precise immunolocalizations of  serum protein   s  , such 
as albumin and IgG in  living mouse kidney   s   [ 6 – 9 ], because 
soluble serum components were well retained, and tiny ice-
crystal formation was helpful to increase the  penetration of 

antibodies   into tissue sections for the protein  immunolocal-
ization  . Therefore, in this study, we have tried to demonstrate 
dynamically changing distributions of serum proteins in vivo 
under various hemodynamic states in experimental rat  neph-
rons   with  PAN    nephropathy   by IVCT (Fig.  24.1 ).

24.2        Proteinuria and Serum Examination 

 Daily amounts of urinary protein were shown in Fig.  24.2 , 
depending on the days after the  PAN   injection and also admin-
istered PAN concentrations. The excreted protein amount was 
not increased in the control group (Fig.  24.2a ). In the experi-
mental group of 15 mg PAN injection, the amount of urinary 
protein was increased at day 3 and exceeded 300 mg/day at 
day 9 (Fig.  24.2a ). In the lower 5 or 10 mg PAN-injection 
group (Fig.  24.2b ), the protein amount in the urine was also 
slightly increased at day 3. Table  24.1  shows a list of biochem-
ical analyses of  serum    albumin   and creatinine. Signifi cant 
 hypoalbuminemia   and  renal dysfunction   s   were detected in the 
15 mg PAN-injection group at day 9. In the 5 or 10 mg PAN-
injection group, hypoalbuminemia was also detected at day 3.

24.3         Immunolocalizations of Serum 
Proteins Under Normal Condition 

 With HE staining, light micrographic images of normal rat 
kidneys were clearly observed without  ischemia   nor  anoxia   
(Fig.  24.3a, b ). Various shapes of  erythrocytes   refl ecting their 
fl owing condition in glomerular  basement membrane   s   
(GBMs) were well retained in the HE-stained tissue sections 
(Fig.  24.3b ; arrows). By immunostaining for  albumin  , its 
 immunolocalization   of the normal kidneys was mainly 
detected in GBMs and  blood    vessel   s   in the  interstitium   
between proximal or distal convoluted tubules (Fig.  24.3c, 
d ). At higher magnifi cation of a  glomerulus   (Fig.  24.3d, e ), it 
was rarely detected in the outside of GBMs. In addition, the 
albumin immunolocalization was also detected at intercellu-
lar digitation or basal striations (Fig.  24.3f ) and the apical 
cytoplasm of  epithelial cell   s   in some  proximal tubule   s   (PTs) 
at higher magnifi cation of PTs (Fig.  24.3f ). 
 Immunolocalizations of IgG1   in normal rats were detected in 
GBMs and blood vessels of the interstitium (Fig.  24.3g, h ). 
At higher magnifi cation of a glomerulus (Fig.  24.3h , i), it 
was rarely detected in the outside of GBMs in the similar 
pattern of albumin. At higher magnifi cation of PTs 
(Fig.  24.3j ), it was rarely immunolocalized at basal striations 
unlike albumin. By the double-fl uorescence staining with 
 PAS   and for albumin observed with  confocal laser   scanning 
 microscopy  , the albumin immunolocalizations were detected 
in the inside of GBMs (Fig.  24.3k–n ) and in the apical cyto-
plasm of epithelial cells of PTs (Fig.  24.3o–r ; arrows).

  Fig. 24.1    Schematic representation of the way how to perform 
IVCT. Liquid  isopentane  -propane  cryogen   (−193 °C) was directly 
poured over the kidneys of anesthetized rats, which were then removed 
with a dental electric drill in liquid nitrogen. Such frozen kidneys by 
IVCT were processed to the  freeze-substitution   ( FS )  fi xation         
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24.4        Histological Findings 
and Immunolocalizations of Serum 
Proteins in 3 Days After  PAN   Injection 

 At day 3 (Fig.  24.4 ), little histological changes were detected 
by HE staining at a light microscopic level (Fig.  24.4a, b ), as 
compared to those of the normal rats. On the other hand, 
 albumin   was immunolocalized in GBMs and  blood    vessel   s   
in the  interstitium   between proximal or distal convoluted 
tubules (Fig.  24.4c ), which were almost similar to those of 
normal kidneys. At day 3, when an increase of the urinary 
protein excretion was confi rmed by the urine test (Fig.  24.2 ), 
albumin was clearly immunolocalized in the outside of 
GBMs (Fig.  24.4d ; arrows). At higher magnifi cation of a 
 glomerulus   (Fig.  24.4e ; arrows), it appeared to be detected in 
 podocytes  , probably indicating their absorption of albumin. 
The similar albumin absorption into podocytes was detected 
in all  nephrons   (data not shown). At higher magnifi cation of 
PTs (Fig.  24.4f ), granular immunoreaction products were 
detected at the apical cytoplasm of proximal tubular epithe-
lial cells, indicating abundant  reabsorption   of excreted albu-
min (Fig.  24.4f ; arrowheads). A number of  proximal tubule   s   
with such reabsorption were signifi cantly increased, as com-
pared to those in control rats. At day 3,  IgG1   was also immu-
nolocalized in the outside of GBMs (Fig.  24.4h ; arrows). At 
higher magnifi cation of a glomerulus, granular appearances 

of the immunoreaction products in podocytes were larger 
and clearer than those of the albumin (Fig.  24.4i ; arrows). At 
higher magnifi cation of PTs (Fig.  24.4j , arrowheads), granu-
lar immunoreaction products in the apical cytoplasm of epi-
thelial cells were clearly detected. By double-fl uorescence 
staining with  PAS   and albumin, albumin immunolocaliza-
tions were detected along GBMs (Fig.  24.4k–n ), in podo-
cytes at outer side of  GBM   (Fig.  24.4k–n ; arrows), and at 
apical cytoplasm of proximal  epithelial cell   s   in PTs 
(Fig.  24.4o–r ; arrowheads).

24.5        Histological Findings 
and Immunolocalizations of Serum 
Proteins in 9 Days After  PAN   Injection 

 At day 9 (Fig.  24.5 ), eosinophilic  casts   appeared in some 
lumens of renal tubules shown by HE staining (Fig.  24.5a ; 
arrows). At higher magnifi cation, many  erythrocytes   were 
congested in GBMs (Fig.  24.5b ; arrows). Moreover, sizes of 
glomeruli and Bowman’s capsules got expanded at day 9, as 
compared with those of normal kidneys at day 3. In some 
glomeruli, there was adhesion of capillary loops to 
Bowman’s capsules and no cresent (Fig.  24.5b ; arrowheads). 
By  albumin   immunostaining, the immunoreaction intensity 
was relatively weaker in GBMs, including other  blood    vessel   s  , 
and in the  interstitium   (Fig.  24.5c ), except for immunodeposit 

Saline, n=3

PAN, n=3
(15mg/100g B.W.)

PAN, n=3
(5mg/100g B.W.)

PAN, n=3

DayDay

0
00

50

100

150

200

250

300

350

400

(mg/day) (mg/day)

2

4

6

8

10

12

14

16

18

20

1 2 3

(10mg/100g B.W.)

E
xc

re
te

d 
pr

ot
ie

ns

E
xc

re
te

d 
pr

ot
ie

ns

PAN i.p PAN i.pIVCT IVCT

0 1 2 3 4 5 6 7 98

a b

  Fig. 24.2    Time-dependently changing graphs show daily amounts of 
urinary protein in the control group ( a ;  triangles ) and in the 15 mg 
 PAN  -injection group ( a ;  squares ) or in the 5 or 10 mg PAN-injection 

group ( b ;  rhombuses  and  circles ). Mean ± SE,  n  = 3 in each group, 
* p  < 0.05 vs. control (day 0)       

   Table 24.1    Biochemical  serum   examination   

  PAN   (mg)  Albumin (g/dl)  Creatinine (mg/dl) 

 Control  0  4.33 ± 0.25  0.30 ± 0.015 

 Day 3  5  3.73 ± 0.12  0.24 ± 0.064 

 10  3.60 ± 0.17  0.25 ± 0.045 

 Day 9  15  1.53 ± 0.057  0.69 ± 0.015 

  Mean ± SD,  n  = 3 in each group  
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casts in the lumen of renal tubules (Fig.  24.5c, f ; arrows). At 
higher magnifi cation, albumin immunoreactivity was decreased 
in the outside of GBMs (Fig.  24.5d, e ), and its  reabsorption   into 
proximal tubular  epithelial cell   s   (Fig.  24.5f ) was also decreased. 

In the similar way to albumin, intensity of the other  IgG1   
immunoreaction was much weaker in GBMs and blood vessels 
of the interstitium, whereas IgG1 was immunolocalized in 
casts of some renal tubules (Fig.  24.5g, j ; arrows). At higher 

  Fig. 24.3    HE staining and 
immunostaining of  serum    protein   s   
in normal rat  kidney   tissues 
prepared with IVCT. By HE 
staining ( a ,  b ),  fl owing erythrocyte   s   
are well retained in  blood    vessel   s   
( b ;  arrows ). By  albumin   
immunostaining with a dilution of 
1:500 ( c – f ), it is mostly detected in 
blood vessels in addition to 
intertubular matrices. At higher 
magnifi cations ( e ,  f ), it is clearly 
immunolocalized within 
glomerular  basement membrane   s   
( GBMs ) ( e ) and along some basal 
striations of  proximal tubule   s   
( PTs ), including blood vessels ( f , 
 arrows ).  IgG1   is also 
immunolocalized in blood vessel 
( g – j ). At higher magnifi cations ( i , 
 j ), it is clearly immunolocalized 
within GBMs ( i ), as similar to 
albumin ( e ), but hardly detected at 
basal striations of PTs ( j ). ( k – r ) 
HE-stained images ( k ,  o ) and 
 confocal laser   scanning 
microscopic images of  PAS   
 staining   ( m ,  n ,  q ,  r ) and 
immunostaining of albumin ( l ,  n ,  p , 
 r ). Albumin ( k – n ,  green color ) is 
immunolocalized in GBMs 
encircled with glomerular basement 
membranes ( GBMs ,  red color ), as 
shown by the PAS staining. It is 
also detected at some basal 
striations and lateral sides of PTs 
( o – r ;  arrows ). Bars, 20 μm       
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magnifi cation,  IgG   immunolocalizations were not clear in the 
outside of GBMs (Fig.  24.5h , i), and immunoreaction products 
of IgG1 were decreased in proximal tubular epithelial cells 
(Fig.  24.5j ; arrowheads). By double-fl uorescence staining with 

 PAS   and for albumin, albumin immunoreactivity was weakly 
detected along GBMs (Fig.  24.5k–n ), but deposit casts in PTs 
were strongly immunostained for albumin (Fig.  24.5o–r ).

  Fig. 24.4    Light micrographs of 
HE staining and immunostaining of 
 serum    protein   s   in rat  kidney   tissues 
at day 3 after the  PAN   injection. By 
HE staining ( a ,  b ), pathological 
changes are not clearly detected, as 
almost like normal histology. By 
immunostaining for  albumin   ( c – f ), 
it is detected mainly within  blood   
 vessel   s  . At higher magnifi cations 
( d – f ), however, it is 
immunolocalized outside GBMs, 
probably in  podocytes   ( e ;  arrows ). 
Other granular immunoreaction 
products are also detected in the 
apical cytoplasm of  proximal 
tubule   s   ( PTs ) ( f ;  arrowheads ). On 
the other hand,  IgG1   is 
immunolocalized within blood 
vessels ( g – j ) and podocytes of 
glomeruli ( h ,  i ;  arrows ). Moreover, 
granular patterns of 
immunoreaction products are 
detected in epithelial cells of 
convoluted PTs ( j ;  arrowheads ), as 
similar to those of albumin shown 
by fl uorescence immunostaining 
( k – r ). ( k – r ) HE staining ( k ,  o ) and 
 confocal laser   scanning 
microscopic images of  PAS   
 staining   ( m ,  n ,  q ,  r ) and 
immunostaining of albumin ( l ,  n ,  p , 
 r ). The albumin is also 
immunolocalized in the outside of 
glomerular  basement membrane   s   
( GBMs ,  red color ), probably in 
some podocytes ( l – n ;  small 
arrows ), and also in the apical 
cytoplasm of epithelial cells of PTs 
( p – r ;  arrowheads ). Bars, 20 μm       
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  Fig. 24.5    Light micrographs of 
HE staining and immunostaining of 
 albumin   and  IgG1   in rat  kidney   
tissues at day 9 after the  PAN   
injection. By HE staining, some 
deposit  casts   are clearly observed 
to be eosinophilic in lumens of 
some renal tubules ( a ;  arrows ), 
and many  erythrocytes   were also 
congested in GBMs ( b ;  arrows ). 
Adhesions between GBMs and 
outer Bowman’s capsule are often 
observed ( b ;  arrowheads ). 
Immunoreaction products of 
albumin are clearly detected in the 
deposit casts in the renal tubules ( c ; 
 arrows ), but relative intensity of 
the albumin immunostaining is 
much weaker within  blood    vessel   s   
( c ,  d ). At higher magnifi cations ( e , 
 f ), such immunoreactivity of 
albumin is hardly detected in 
GBMs ( e ) and apical cytoplasm of 
epithelial cells of PTs ( f ; 
 arrowheads ). ( g – j ) IgG1 is also 
immunolocalized in the similar 
casts ( g ;  arrows ). At higher 
magnifi cations ( h – j ), it is hardly 
detected in GBMs at this dilution 
of the IgG1  antibody   ( i ), and some 
granular immunoreaction products 
are still detected in apical 
cytoplasm of  epithelial cell   s   of PTs 
( j ;  arrowheads ). HE staining ( k ,  o ), 
 PAS    staining   ( m ,  n ,  q ,  r ), and 
immunostaining of albumin ( l ,  n ,  p , 
 r ). The immunoreaction intensity 
of albumin is decreased in GBMs 
( l – n ) and also in blood vessels of 
the  interstitium   ( p – r ). But it is 
clearly immunolocalized in the 
deposit casts of renal tubules ( p ,  r : 
 arrowheads ) and slightly in blood 
vessels between renal tubules. 
Bars, 20 μm       
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   These weaker immunoreactivities for  albumin   and  IgG1   
within  blood    vessel   s   may refl ect  hypoalbuminemia   and  renal 
dysfunction   s  . Next to elucidate the difference of such immu-
noreactivities, the similar immunostaining was performed 
with various dilutions of the primary anti-albumin  antibody   
(Fig.  24.6 ). Figure  24.6e  shows the immunostaining image 
with a dilution of 1:500, which is the same dilution for nor-
mal (Fig.  24.3c–f ) and day 3 (Fig.  24.4c–f ) rat tissues. As the 
higher concentrations of the primary anti-albumin antibody 
were used for serial sections, the stronger albumin immuno-
reactivity was detected, accompanying with more nonspe-
cifi c backgrounds (Fig.  24.6b–d ).

24.6        Conclusion 

 IVCT has been often used to analyze dynamic  blood    fl ow   
and immunolocalizations of  soluble protein  s in tissue sec-
tions under various physiological and pathological condi-
tions. In the past decades,  PAN    nephropathy   has been known 
to be a  nephrotic model  , whose pathological condition 
resembles the human minimal change nephrotic syndrome 
(MCNS). In this study, by using IVCT, we examined some 
segments of  nephrons   for immunolocalizations of  albumin   
and  IgG1   under experimental PAN nephropathy of rats in 
addition to analyses of biochemical  serum    protein   s   and albu-
min excreted in the urine.     
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      Immunolocalization of Phospho-Arg- 
Directed Protein Kinase-Substrate 
in Hypoxic Kidneys       

     Sei     Saitoh      ,     Nobuo     Terada    ,     Nobuhiko     Ohno    ,     Yurika     Saitoh    , 
and     Shinichi     Ohno   

    Abstract  

  Protein kinases (PKs) phosphorylate proteins at active regions for signal transduction. In 
this study, normal and hypoxic mouse kidneys were prepared using an “in vivo cryotech-
nique” (IVCT) and examined immunohistochemically with specifi c antibodies against 
phospho-(Ser/Thr) PKA/C substrate (P-PK-S) and phospho-(Ser/Thr) Akt substrate 
(P-Akt-S) to capture their time-dependent regulation in vivo. Left kidneys were cryofi xed 
with IVCT under normal blood circulation and after varying hypoxic intervals, followed by 
freeze-substitution with acetone containing paraformaldehyde. Deparaffi nized sections 
were immunostained for P-PK-S, Na + /HCO 3−  cotransporter NBC1, and a membrane skele-
tal protein, 4.1B. The P-PK-S was diffusely immunolocalized in the cytoplasm of the proxi-
mal tubules in normal kidneys, whereas NBC1 and 4.1B were detected at the basal striations 
of S1 and S2 segments of the proximal tubule. After 10 or 30 s hypoxia, P-PK-S was still 
immunolocalized in the cytoplasm of kidneys, but it was detected at the basal striations after 
1 or 2 min hypoxia. The immunolocalization of P-Akt-S was the same as P-PK-S in the 
normal and hypoxic kidneys. Immunoblotting analyses of the kidney tissues under normal 
or hypoxic condition clearly identifi ed the same 40 kDa bands. The IVCT is useful for time- 
dependent analysis of the immunodistribution of P-PK-S and P-Akt-S.  

  Keywords  

  Hypoxic kidneys   •   Phospho-(Ser/Thr) PKA/C substrate   •   Phospho-(Ser/Thr) Akt substrate   
•   Na + /HCO 3−  cotransporter1   •    4.1B    

25.1         Introduction 

 Immunohistochemistry (IHC) using many 
 antiphosphorylation- specifi c antibodies   has been applied to 
examining molecular signal transduction, cell growth, and 
cytokinesis in animal cells, which depend on energy con-
sumption. The PKC family has many proteins in various 
animal organs, including the brain,  liver  ,  kidney  ,  spleen  , 
lung, heart, and testis, but their intracellular PKC  distribu-
tion   is likely dependent on the proliferation state of cells 
and tissues in the living animals [ 1 ,  2 ]. The present study 
used IVCT to arrest some transient physiological processes 
of P-PK-S in  living mouse kidney   s   under normal  blood    cir-
culation   and with time-dependent  hypoxia  . The  immunolo-
calization   of P-PK-S in the IVCT-prepared tissue samples 
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was different from that observed with the conventional 
resection of fresh kidney tissues and  quick-freezing   fol-
lowed by  freeze- substitution      fi xation   (RF-QF-FS). The dif-
ferent immunolocalizations of P-PK-S observed in 
association with the time-dependent hypoxia indicate that 
the discrepancy of immunodistribution was primarily 
caused by the transient effects of hypoxia during the com-
mon preparation steps [ 3 – 8 ].  

25.2     Immunolocalization of P-PK-S 
with IVCT-FS and RF-QF-FS 

 The morphology obtained with the two preparation methods 
was compared with HE staining and  immunohistochemistry   
for P-PK-S in mouse  kidney   tissues. At low magnifi cation, 
the P-PK-S was mainly immunolocalized in the cortical renal 
tubules, but not in the medulla of  living mouse kidney   tissues 
prepared with IVCT-FS (Fig.  25.1a, b ). At higher magnifi ca-
tion with HE staining, some Bowman’s spaces and the  renal 
proximal tubule   s   in the cortex seemed to maintain their open 
lumens (Fig.  25.1c ). However, the tissue samples prepared 
with RF-QF-FS showed collapsed Bowman’s spaces and 
renal tubules in the cortex, probably due to  ischemia   caused 
by the tissue resection (Fig.  25.1f ). In serial sections of the 
same samples prepared with IVCT-FS, the immunoreactivity 
of P-PK-S was heterogeneously detected throughout the cyto-
plasm of the  proximal tubule   s   in mosaic- like patterns 
(Fig.  25.1d, e ). In contrast, it was detected mainly in the basal 
striations of the proximal tubules in the tissue samples pre-
pared with RF-QF-FS (Fig.  25.1g, h ). These fi ndings indicate 
that the  immunolocalization   of P-PK-S was quickly altered 
by the tissue-resection procedure.

25.3        Immunolocalization of P-PK-S 
in Hypoxic Mouse Kidneys Prepared 
with IVCT-FS 

 To examine the transient effects of  hypoxia   on the  immuno-
localization   of P-PK-S, both the morphology of HE-stained 
tissue and the immunolocalization of P-PK-S,  NBC1   (an ion 
cotransporter), and  4.1B   (a  membrane skeletal protein  ) (data 
not shown) were compared in serial sections from  renal 
proximal tubule   s   under various  hypoxic condition   s   
(Fig.  25.2 ). Under normal  blood    circulation  , P-PK-S was 
immunolocalized diffusely throughout the cytoplasm of 
most  epithelial cell   s   in the  proximal tubule   s   and occasionally 
along the basal striations (Fig.  25.2b, d ). The diffuse immu-

nolocalization of P-PK-S in the proximal tubules as shown in 
Fig.  25.2b, d  was very similar to that shown in Fig.  25.1e . 
After 10 or 30 s hypoxia, their signals were also detected in 
the proximal tubules, some of which were immunolabeled 
with anti-NBC1 or 4.1B  antibody  , showing the  proximal S1–
S2 segment   s  . Higher magnifi cation demonstrated that immu-
nolocalization of P-PK-S in the cytoplasm was almost 
identical to that under normal blood circulation (data not 
shown). After 1 or 2 min hypoxia, it was also detected in the 
proximal tubules at low magnifi cation (Fig.  25.2g, h ). Higher 
magnifi cation showed that it had changed to become local-
ized, mainly in the basal striations (Fig.  25.2i, j ). In contrast, 
the immunolocalization of both NBC1 and 4.1B was always 
detected in the basal striations of the S1–S2 proximal tubules 
under all conditions (NBC1: Fig.  25.2e, j, o ). These fi ndings 
indicate that immunolocalization of P-PK-S was almost 
completely changed from the whole cytoplasm to the basal 
striations in the proximal tubules after 1 min hypoxia.

25.4        Immunolocalization of  P-Akt-S   
in Normal and Hypoxic Mouse 
Kidneys 

 To examine the immunostaining patterns of another  antibody   
against a similar phospho-specifi c motif, anti- P-Akt-S   anti-
body was used for the IVCT-FS-prepared kidneys of living 
mice under normal  blood    circulation   and  hypoxic condition   s  . 
The P-Akt-S was immunolocalized in the cytoplasm of the 
same P-PK-S-immunopositive  proximal tubule   s   in the nor-
mal mouse kidneys (Fig.  25.3b, c ). After 1 min  hypoxia  , the 
P-Akt-S was also immunolocalized in the basal striations, 
similar to the P-PK-S-immunopositive proximal tubules 
(Fig.  25.3e, f ). These fi ndings indicate that the substrates 
phosphorylated by  Arg-directed protein kinase   s   also changed 
from a cytoplasmic pattern to the basal striations in the  renal 
proximal tubule   s   after 1 min hypoxia.

25.5        Concluding Remarks 

 The newly developed IVCT is a reliable method for the 
examination of time-dependent regulation of signaling path-
ways in vivo and does not have the technical limitations of 
the usual methods that interfere with molecular transloca-
tion, including soluble Arg-directed kinases [ 1 ,  2 ,  9 – 11 ]. The 
immunohistochemical fi ndings must therefore be compared 
with the live images obtained from intravital  microscopy  , 
such as FRET [ 12 – 15 ].     
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  Fig. 25.1    Light micrographs of mouse kidneys prepared with the “ in 
vivo cryotechnique  ” ( IVCT ) or resection of fresh tissues and  quick- 
freezing     ( RF-QF ), followed by FS. ( a ,  b ) Serial sections are stained 
with hematoxylin-eosin ( a ,  HE ) and immunostained for  phospho-(Ser/
Thr) protein kinase A/C substrate   ( b ,  P-PK-S ). The P-PK-S- 
immunopositive areas are mostly observed in the cortex ( Cx ).  Inset  of 
( b ) is the immunocontrol for P-PK-S in the renal cortex at the same 
magnifi cation of ( b ). ( c – h ) Normal kidneys on serial sections stained 
with HE and immunostained for P-PK-S, by two different procedures 

with IVCT-FS and RF-QF-FS. ( c – e ) With IVCT-FS,  immunolocaliza-
tion   for P-PK-S is detected in the cytoplasm of the  proximal tubule   s   ( d  
and  e ,  arrows ), and each tubular cell shows different intensities of 
immunostaining. ( e ) Another higher magnifi cation view shows hetero-
geneous immunolocalization patterns of P-PK-S in the cytoplasm. ( f –
 h ) With RF-QF-FS, the immunolocalization of P-PK-S is detected 
along the basal striations of the  renal proximal tubule   s   ( g  and  h , 
 arrows ).  Cx  cortex,  G   glomerulus  . Bars 300 m ( a ,  b ), 100 m ( c ,  d ,  f ,  g ), 
50 m ( e ,  h )       
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  Fig. 25.2    Light micrographs of mouse  kidney   tissue specimens pre-
pared with IVCT-FS under normal  blood    circulation   ( a – e ) and  hypoxia   
of 1 min ( f – j ) and 2 min ( k – o ) before the  cryofi xation  . Serial sections 
are stained with HE ( a ,  f ,  k ) and immunostained for P-PK-S ( b ,  d ,  g ,  i , 
 l ,  n ) and Na + /HCO 3  −  cotransporter (NBC)1 ( c ,  e ,  h ,  j ,  m ,  o ). The tissue 
areas of P-PK-S-immunopositive  proximal tubule   s   are more widely 

distributed than those of  NBC1  .  Insets  show the basal cytoplasm of the 
 epithelial cell   s  , thus indicating the  immunolocalization   of the P-PK-S 
in the whole cytoplasm ( b ,  d ) under normal blood circulation along the 
basal striations ( g ,  i ,  l ,  n ) under 1 and 2 min hypoxia. The NBC1 is 
almost always immunolocalized along the basal striations ( c ,  e ,  h ,  j ,  m , 
 o ).  G   glomerulus  . Bars 100 μm ( a – c ,  f – h ,  k – m ), 50 μm ( d – e ,  i – j ,  n – o )       

 

S. Saitoh et al.



139

   References 

     1.    Mochly-Rosen D, Basbaum AI, Koshland DE Jr (1987) Distinct 
cellular and regional localization of immunoreactive protein kinase 
C in rat brain. Proc Natl Acad Sci U S A 84(4):4660–4664  

     2.    Wetsel WC, Khan WA, Merchenthaler I, Rivera H, Halpern AE, 
Phung HM, Negro-Vilar A, Hannun YA (1992) Tissue and cellular 
distribution of the extended family of protein kinase C isoenzymes. 
J Cell Biol 117(1):121–133  

    3.    Shi SR, Key ME, Kalra KL (1991) Antigen retrieval in formalin- 
fi xed, paraffi n-embedded tissues: an enhancement method for 
immunohistochemical staining based on microwave oven heating 
of tissue sections. J Histochem Cytochem 39(4):741–748  

   4.    Ohno N, Terada N, Murata S, Katoh R, Ohno S (2005) Application 
of cryotechniques with freeze-substitution for the immunohisto-
chemical demonstration of intranuclear pCREB and chromosome 
territory. J Histochem Cytochem 53(1):55–62  

   5.    Saitoh S, Terada N, Ohno N, Ohno S (2008) Distribution of 
immunoglobulin- producing cells in immunized mouse spleens 
revealed with “in vivo cryotechnique”. J Immunol Methods 
331(1–2):114–126  

   6.    Terada N, Ohno N, Saitoh S, Ohno S (2007) Immunohistochemical 
detection of hypoxia in mouse liver tissues treated with pimonida-
zole using “in vivo cryotechnique”. Histochem Cell Biol 
128(3):253–261  

   7.    Miller RT (2005) Phospho-specifi c antibodies: more valuable 
than originally thought. Am J Physiol Renal Physiol 
289(2):247–248  

    8.    He H, Tan M, Pamarthy D, Wang G, Ahmed K, Sun Y (2007) 
CK2 phosphorylation of SAG at Thr10 regulates SAG stability, 
but not its E3 ligase activity. Mol Cell Biochem 
295(1–2):179–188  

    9.    Pearson RB, Kemp BE (1991) Protein kinase phosphorylation site 
sequences and consensus specifi city motifs: tabulations. Methods 
Enzymol 200:62–81  

  Fig. 25.3    Light micrographs of mouse  kidney   tissue specimens under 
normal  blood    circulation   ( a – c ) and 1 min  hypoxia   ( d – f ), prepared with 
IVCT-FS. The serial sections are stained with HE ( a ,  d ) and immunos-
tained for P-PK-S ( b ,  e ) and  phospho-(Ser/Thr) Akt substrate   (P-Akt-S)    

( c ,  f ). The  immunolocalization   of both P-PK-S and  P-Akt-S   has 
changed from the whole cytoplasm ( b ,  c ) to the basal striations in the 
 proximal tubule   s   after 1 min hypoxia ( e ,  f ).  Bars  100 μm       

 

25 Immunolocalization of Phospho-Arg-Directed Protein Kinase-Substrate in Hypoxic Kidneys



140

   10.    Nishizuka Y (1988) The molecular heterogeneity of protein kinase C 
and its implications for cellular regulation. Nature 334(6148):661–665  

    11.    Bonventre JV (1993) Mechanisms of ischemic acute renal failure. 
Kidney Int 43(5):1160–1178  

    12.    Sakai N, Sasaki K, Ikegaki N, Shirai Y, Ono Y, Saito N (1997) 
Direct visualization of the translocation of the gamma-subspecies 
of protein kinase C in living cells using fusion proteins with green 
fl uorescent protein. J Cell Biol 139(6):1465–1476  

   13.    Miyawaki A, Llopis J, Heim R, McCaffery JM, Adams JA, Ikura 
M, Tsien RY (1997) Fluorescent indicators for Ca 2+  based on 

green fl uorescent proteins and calmodulin. Nature 
388(6645):882–887  

   14.    Ng T, Squire A, Hansra G, Bornancin F, Prevostel C, Hanby A, 
Harris W, Barnes D, Schmidt S, Mellor H, Bastiaens PI, Parker PJ 
(1999) Imaging protein kinase Calpha activation in cells. Science 
283(5410):2085–2089  

    15.   Saitoh S, Terada N, Ohno N, Saitoh Y, Soleimani M, Ohno S (2009) 
Immunolocalization of phospho-Arg-directed protein kinase-sub-
strate in hypoxic kidneys using in vivo cryotechnique. Med Mol 
Morphol (42):24–31    

S. Saitoh et al.



141© Springer Japan 2016
S. Ohno et al. (eds.), In Vivo Cryotechnique in Biomedical Research and Application 
for Bioimaging of Living Animal Organs, DOI 10.1007/978-4-431-55723-4_26

      Dynamic Ultrastructures of Renal 
Glomeruli in Living Mice Under Various 
Hemodynamic Conditions       

     Shinichi     Ohno      ,     Yasuhisa     Fujii    , and     Nobuo     Terada   

    Abstract  

  Three-dimensional ultrastructures of mouse renal glomeruli under various hemodynamic 
conditions were studied by scanning electron microscopy with the “in vivo cryotechnique” 
(IVCT). Some kidneys of anesthetized mice were directly frozen in vivo under normal 
blood fl ow condition. Others were frozen in the same way after ligation of the lower abdom-
inal aorta or their heart arrest. The frozen specimens were routinely freeze-substituted, 
freeze-dried, and ion-sputtered for SEM. In freeze-substituted specimens with the IVCT, 
interdigitating foot processes of podocytes exhibited smooth surface contours with less 
shrinkage, and their surfaces were arranged more tightly than those commonly seen by the 
conventional fi xation method. In the anesthetized mice, fi ltration slits between the foot 
processes were found to be narrow after the heart arrest, but they were a little wider under 
the normal blood fl ow condition. After the aorta ligation to increase the renal blood fl ow, the 
fi ltration slits became much wider and the foot processes were more elongated. The ultra-
structures of capillary loops in functioning renal glomeruli were revealed to be dynamically 
changing in the living mouse states, depending on various hemodynamic conditions.  

  Keywords  

  Renal  glomerulus     •   Hemodynamics   •   In vivo  cryotechnique     •   Filtration slit   •   Scanning  elec-
tron microscopy    

26.1         Introduction 

 A  renal glomerulu   s   consists of intricate networks of  blood-
   capillaries   in vivo, through which the blood of animal bodies 
always circulates under various infl uences of blood pres-
sures. It has been well known that  hemodynamic factor   s  , 
including the volume of renal  blood fl ow  , exert an important 
infl uence on glomerular functions and structures [ 1 – 3 ]. 

Therefore, the alteration in glomerular hemodynamics of 
renal corpuscles probably affects the driving  mechanical 
force   that modulates  permeability   properties of  glomerular 
fi ltration barrier   s   [ 4 – 6 ]. For example, the  distribution   of 
 serum    albumin   proteins in experimental rat glomeruli was 
also reported to be changed due to different  hemodynamic 
condition   s   [ 7 ,  8 ]. So the functional role of normal  blood cir-
culation   is found to be defi nitely important in maintenance of 
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the glomerular barrier function. In the present study for 
SEM, we will describe three-dimensional ultrastructures of 
functioning kidneys in vivo under  various hemodynamic 
condition   s  , which were prepared by the IVCT.  

26.2     Preparation Procedures of Living 
Mouse Kidneys for SEM 

 The left kidneys of anesthetized mice under normal  blood   cir-
culation   were prepared by IVCT, as described before [ 9 ,  10 ]. 
Other mouse kidneys were prepared in similar way after 
heart arrest with an overdose of the anesthetic to stop blood 
supply or the ligation of lower abdominal aorta to acutely 
increase blood supply into kidneys. The IVCT-prepared 
specimens were routinely freeze-substituted in absolute ace-
tone containing 2 %  osmium tetroxide  , transferred into 
t-butyl alcohol, and freeze-dried at −5 °C in Hitachi ES-2030 
apparatus. They were then mounted on aluminum stages, 
evaporated with platinum/palladium (10–15 nm) in Hitachi 
E-1030 apparatus, and observed in Hitachi S-4500 scanning 
electron microscope at an accelerating voltage of 5 kV.  

26.3     New Findings of Functioning 
Podocytes Under Hemodynamic 
Conditions 

 Many interdigitating  foot process   es   of  podocytes   under nor-
mal  blood   circulation  , which were covering the outer capillary 
surface in renal corpuscles (Fig.  26.1a ), surely refl ected their 
in vivo arrangement, as prepared by the IVCT. The foot pro-
cesses were located almost in parallel with each other, and 
 fi ltration slit   s   were irregularly open in some parts (Fig.  26.1b ). 
Moreover, other foot processes with slit spaces were vari-
ously extended along capillary loops (Fig.  26.1c ), as seen in 
the freeze-fractured capillary loops. To the contrary, urinary 
spaces became collapsed after the heart arrest (Fig.  26.2a ), 
and glomerular foot processes were tightly attached to each 
other (Fig.  26.2b ). At higher magnifi cation, the foot processes 
were taller after the heart arrest (Fig.  26.2b , arrows), as seen 
in the freeze-fractured capillary loops. In addition, another 
different morphology of stretched capillary loops was 
revealed after the ligation of the aorta (Fig.  26.3 ). As com-
pared with the morphology of capillary loops after the heart 
arrest (Fig.  26.2 ), interdigitating foot processes with wide fi l-
tration slits were more loosely arranged with each other after 

the ligation of the aorta (Fig.  26.3a , arrows). In a freeze-frac-
tured renal corpuscle, urinary Bowman’s spaces and lumens 
of capillary loops were more widely dilated (Fig.  26.3b ), 
showing several fl owing blood cells in the capillary lumens.

  Fig. 26.1    Scanning electron micrographs of freeze-fractured renal cor-
puscles of living mice under  normal blood fl ow   condition, as prepared 
by IVCT. ( a ) Interdigitating  foot process   es   are covering the outer capil-
lary loop surface.  P  podocytes,  F  foot processes,  U  urinary space,  B  
Bowman’s capsule. Bar: 5 μm. ( b ) At higher magnifi cation, surface 
contours of foot processes ( F ) with various slit spaces are arranged 
almost in parallel with each other.  Bar : 1 μm. ( c ) Filtration slits ( arrows ) 
are also seen to be open between foot processes ( F ) under the normal 
 blood   fl ow   condition.  BM  basement membrane.  Bar : 0.5 μm       

  Fig. 26.2    Scanning electron micrographs of freeze-fractured renal cor-
puscles of mice under the  heart-arrest   condition  , as prepared by IVCT. 
( a ) The urinary space ( U ) is almost collapsed, which is also covered by 
outer Bowman’s capsule ( B ). Bar: 5 μm. ( b ) A freeze-fractured capil-
lary loop is seen, and  foot process   es   ( F ) with narrow  fi ltration slit   s   
( arrows ) are attached to the  basement membrane   ( BM ).  Bar s: 1 μm.  L  
capillary lumen,  U  urinary space       
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26.4          Dynamically Changing of Foot 
Processes for Filtration Functions 

 It has been known that  glomerular capillary loop   s   of  living 
mouse kidney   s   are perpetually stretched by hydraulic pres-
sures in  blood   capillaries  , whereas those in excised kidneys 
receive no such  stretching   forces. Filtration slits between 
 foot process   es   of  podocytes   were reported to be widely open 
to facilitate passage of the glomerular fi ltrate in vivo [ 3 ]. It 
has also been reported that the foot processes are rich in con-
tractile proteins, such as actin, myosin, and α-actinin, and 
capable of such actin-mediated movement [ 11 ]. Through this 
active movement, the podocytes may regulate the  glomerular 
fi ltration rate  , thereby infl uencing hydraulic pressures across 
the glomerular  basement membrane  , as reported before [ 3 ]. 
Therefore, the blood pressures must be steadily maintained 
at the time of exposure to quick freezing with IVCT, and the 
dynamically changing  fi ltration slit   s   are found to be wider 
under normal  blood circulation   than the  heart- arrest   condition      . 
The  glomerular hydraulic pressure   s   might be partially regu-
lated by the relative width of the fi ltration slits. Therefore, 
the total width of the fi ltration slits plays an important role in 

providing a porous theory that controls hydraulic conductiv-
ity and water fl ow [ 3 ,  12 ].  

26.5     Concluding Remarks 

 The present fi ndings defi nitely provide the morphofunctional 
confi rmation of functioning  glomerular capillary loop   s   in 
living mouse states, indicating that the passage of solutes is 
always affected by glomerular hemodynamics under differ-
ent  blood   fl ow   conditions.     
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      Function of Dynamin-2 in the Formation 
of Discoid Vesicles in Urinary Bladder 
Umbrella Cells       

     Nobuo     Terada      ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
    Yasuhisa     Fujii    , and     Shinichi     Ohno   

    Abstract  

  Dynamin (Dyn) is a GTPase that promotes endocytic processes through scission of cell 
membranes. In this chapter, we present the contribution of Dyn2 to the structural integrity 
of discoid vesicles (DVs) and to the endocytic activity of urinary bladder umbrella cells 
(UCs) which have capacity to control bladder volume. Dyn2 was abundantly expressed in 
UCs, especially near the apical cytoplasmic regions. By immunoelectron microscopy, Dyn2 
was found on and around DV membranes in UCs. Ultrastructural analysis with a quick- 
freezing and deep-etching method revealed the existence of distinct Dyn2-bound microfi la-
ments in close association with DV membranes. Treatment of bladders with a Dyn-GTPase 
inhibitor, dynasore, markedly reduced the number of DVs in UCs. In infected UCs, 
 Escherichia coli  was encased in compartments enriched in Dyn2, and treatment of bladders 
with dynasore inhibits  E. coli  invasion of UCs.  

  Keywords  

   Dynamin     •   Umbrella cell   •    Dynasore     •    Quick-freezing   and  deep-etching    method     • 
  Microfi laments  

27.1         Umbrella Cells in the Urinary Bladder 

 The urinary bladder is a distensible organ, and its transitional 
epithelium consists of multiple layers of  epithelial cell   s   that 
can contract and expand. As shown in Fig.  27.1a , the upper-
most layer of cells that line the bladder lumen is called 

umbrella cells (UCs) [ 2 ]. The cytoplasm of each UC contains 
a number of  discoid vesicle   s   (DVs) composed of rigid plaques 
consisting of hexagonal  uroplakin   particles and hinges [ 3 ]. 
These DVs play a highly dynamic role in adjusting the blad-
der volume [ 4 ]. When the bladder needs to distend, these DVs 
fuse with the apical cell membrane of UCs. After the bladder 
volume is reduced, DVs are reformed by being pinched off 
from the apical cell membrane and once again assume their 
characteristic intracellular vesicular appearance.

27.2         Dynamin   for Activity of Endocytosis 

  Dynamin   (Dyn) is a GTPase involved in the  endocytosis   of 
various kinds of cells [ 5 ,  6 ]. Three Dyn family proteins, 
Dyn1–3, have been identifi ed to date; whereas Dyn1 and 
Dyn3 are expressed primarily in  neurons   and testis, respec-
tively, Dyn2 is expressed in diverse cell types [ 7 ]. Dyn medi-
ates the scission of newly formed vesicles from the membrane 
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of one intracellular compartment and typically promotes 
their targeting to, and fusion with, another compartment. It 
has been implicated in several well-known endocytic 
 activities including clathrin- and  caveolin  -mediated endocy-
tosis, where they mediate the scission of vesicular compart-
ments from the unit membranes [ 6 ].  

27.3     Localization of Dyn2 Around Discoid 
Vesicles and Cytoskeletal Networks 
in UCs 

 In this chapter, we demonstrate the involvement of Dyn2 in 
the formation of DVs in  urinary bladder   umbrella cells. 
Precise methods and results have been reported in the previ-
ous paper [ 1 ]. Dyn2 was immunostained in the cytoplasm of 

UCs. By  immunoelectron microscopy   for Dyn2 detection, its 
specifi c aggregation was detected around DV membranes 
(inset in Fig.  27.1d ). As Dyn2 is known to control organiza-
tion of actin  microfi laments   in relation to the  endocytosis   of 
culture cells [ 6 ,  8 ], the  quick-freezing   and deep-etching (QF- 
DE)  method   was used to examine ultrastructure of UCs 
(Fig.  27.1d ). Paraformaldehyde-fi xed mouse urinary bladder 
was permeabilized with detergent, and some were immunos-
tained for Dyn2. The bladder was quickly frozen and deep- 
etched in freeze-dry machine as shown in Fig.  27.1c , and 
replica membranes were made, allowing us to observe cyto-
skeletons with  transmission electron microscope  . At the 
E-surface of freeze-fractured membranes (ES in Fig.  27.1d ), 
the DVs have characteristic hexagonal pattern of globular 
intramembranous particles organized on the outer leafl et [ 9 ]. 
Distinct and often branched microfi laments, which were 

  Fig. 27.1    ( a ,  b ) Representative electron 
micrographs of the apical cytoplasm of 
umbrella cells in mouse bladder under the 
absence ( a ; Normal) and presence ( b ; 
Dynasore) of the dynasore treatment.  Ca  
bladder cavity. ( c ) Photograph of the machine 
for etching and coating with platinum and 
carbon under high  vacuum   condition.  Arrow  
indicates the high vacuum chamber. ( d ) 
Electron micrograph of mouse bladder 
umbrella cell with  quick-freezing   and 
deep-etching  method  . Hexagonal 
intramembranous particles are observed on 
the E-surface ( ES ) of  discoid vesicle   s  .  Arrows  
indicate fi laments decorated with anti-Dyn2 
 antibody  , and arrowheads indicate 
intermediate fi laments.  SU  surface of 
umbrella cell.  Inset  in ( d ) shows pre- 
embedding immunoelectron micrograph for 
Dyn2. Precise data have been reported in the 
previous paper (Terada et al. [ 1 ]).  Bars  
500 nm       
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demonstrated by decoration of granular immunoproducts on 
the DV membranes with immunostaining with the Dyn2- 
specifi c  antibody  , connected to the cytoplasmic sides of each 
DV membrane (arrows in Fig.  27.1d ) and intermediate fi la-
ments (arrowheads in Fig.  27.1d ).  

27.4     Inhibition of Dyn2 Endocytic Activity 
in Umbrella Cells In Vivo 

  Dynasore  , a cell-permeable Dyn-GTPase inhibitor [ 10 ,  11 ], 
was used for the treatment of mouse bladders in vivo. Under 
anesthesia, the bladders were exposed by opening the 
abdominal cavities of the mice, and urine in the bladders was 
sucked out with a syringe. After 5 min, the dynasore solution 
was gradually injected into the bladder lumen and incubated 
for 15 min. The dynasore treatment drastically reduced the 
number of DVs in the UCs and induced the formation of 
large membrane invaginations in the apical cell surface 
(Fig.  27.1b ). This fi nding indicates that the Dyn2 probably 
moves along the membranes and/or interacts with proteins, 
such as  microfi lament  -related proteins, during GTPase 
inhibition.  

27.5     Endocytic Activity for Infection 
of  Escherichia coli  in the Urinary 
Bladder 

 Uropathogenic  E. coli  are reported to bind to the  uroplakin   
plaques on the apical surface of UCs triggering bacterial 
 endocytosis   through the formation of DVs [ 9 ,  12 ]. Infected 
bladder showed many bacteria in close association with the 
apical cell surface of UCs, and the bacteria appeared to be at 
various stages of entry into intracellular compartments, 
which were immunostained strongly for Dyn2. Moreover, 
after pretreatment of the  E.coli -infected mouse bladders with 
dynasore, the entry of bacteria into the bladder was reduced 
compared with that of the control. This fi nding provided 
additional evidence of the functional contribution of Dyn in 
promoting the entry of  E. coli  into UCs of the bladder.  

27.6     Concluding Remarks 

 Dyn2 is highly enriched in the UCs and is mostly localized 
in DVs and  microfi laments  . Contribution of Dyn2 to the 
structural integrity of the DVs and to the endocytic activity 
of UCs was confi rmed by treatment of the Dyn inhibitor.     
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      Involvement of Follicular Basement 
Membrane and Vascular Endothelium 
in Blood-Follicle Barrier Formation 
of Mice       

     Nobuhiko     Ohno      ,     Hong     Zhou    ,     Nobuo     Terada    , 
and     Shinichi     Ohno   

    Abstract  

  Blood-follicle barrier (BFB) in ovarian follicles is the molecular sieve selective for size and 
charge. By utilizing the “in vivo cryotechnique” (IVCT), ovarian structures responsible for 
the BFB were analyzed during development of follicles under physiological conditions. 
Immunoreactivity of mouse serum proteins was better preserved with IVCT compared with 
other conventional methods. Strong immunoreactivity of albumin was detected in blood 
vessels, interstitium, and developing follicles. There was a clear alteration of the immunos-
taining intensity of IgG1 between inside and outside of the follicular basement membranes. 
Immunoreactivity of IgM was signifi cantly changed between inside and outside of the vas-
cular endothelial cells. These results suggest that permselectivity of BFB for soluble pro-
teins with intermediate molecular weights is dependent on the follicular basement membrane 
and the vascular endothelial cells could play signifi cant roles in the permselectivity for 
soluble proteins with high molecular weight.  

  Keywords  

  Ovarian  follicles     •   Serum proteins   •   In vivo  cryotechnique     •   Permselectivity  

28.1         Introduction 

 Ovarian  follicles   of living animals are dynamic structures 
which gradually increase their volume before ovulation dur-
ing each estrous cycle. Structural changes of perifollicular 
 capillary network   s   are observed upon the follicular develop-
ment [ 1 ]. Development of the membrana granulosa in sec-
ondary follicles accompanies formation of the perifollicular 
capillary networks. Subsequently, when larger or mature 
Graafi an follicles are developed from the secondary follicles, 
a single-layered to multilayered thick theca interna is formed 
[ 1 – 6 ]. These morphological changes suggest that follicular 
development and oocyte maturation require substantial 
increase of  blood   supply and nutritional support. 

 In living animal ovaries, follicular fl uid is produced by secre-
tion from the membrana granulosa cells and diffusion of  serum   
 protein   s   from thecal capillaries and infl uences a  microenviron-
ment   within the avascular compartment of  follicles   [ 7 ,  8 ]. 
 Blood-follicle barrier   (BFB) was suggested by the differences in 

        N.   Ohno ,  M.D., Ph.D.      (*) •    S.   Ohno    
  Department of Anatomy and Molecular Histology, 
Interdisciplinary Graduate School of Medicine and Engineering , 
 University of Yamanashi ,   1110 Shimokato ,  Chuo City , 
 Yamanashi   409-3898 ,  Japan   
 e-mail: nohno@yamanashi.ac.jp   

    H.   Zhou    
  Department of Anatomy and Molecular Histology, 
Interdisciplinary Graduate School of Medicine and Engineering , 
 University of Yamanashi ,   1110 Shimokato ,  Chuo City , 
 Yamanashi   409-3898 ,  Japan    

  Department of Child, Adolescent and Women’s Health, School of 
Public Health ,  Peking University ,   Beijing   100083 ,  China    

    N.   Terada   
  Division of Health Sciences ,  Shinshu University Graduate School of 
Medicine ,   3-1-1 Asahi ,  Matsumoto City, Nagano   390-8621 ,  Japan    

  Department of Anatomy and Molecular Histology, 
Interdisciplinary Graduate School of Medicine and Engineering , 
 University of Yamanashi ,   1110 Shimokato ,  Chuo City, 
Yamanashi   409-3898 ,  Japan    

 28

mailto:nohno@yamanashi.ac.jp


150

both composition and concentrations of  soluble protein  s 
between the follicular fl uid and the  blood   serum [ 8 ,  9 ]. BFB is 
proposed as a “ molecular sieve  ” with size selectivity, and the 
capillary  endothelium  , the  subendothelial  basal lamina  , the 
theca interna, the follicular  basement membrane  , and the mem-
brana granulosa were reported to be responsible for 
BFB. Proteins with relatively lower molecular weight 
(<500 kDa) can enter the follicular fl uid through BFB, but com-
ponents with higher molecular weight or larger particles are 
blocked and cannot enter the follicular fl uid [ 8 ,  10 ]. Other stud-
ies suggested that there is charge selectivity and involvement of 
nitric oxide in the functions of BFB [ 11 – 13 ]. To elucidate mor-
phology of BFB under physiological conditions in vivo and the 
structures essential for BFB in the ovaries, living mouse ovaries 
were examined by “ in vivo cryotechnique  ” (IVCT) to focus on 
the BFB under normal  blood circulation   [ 14 ].  

28.2     Distribution of Serum Proteins 
in Ovarian Follicles 

 Large amounts of  albumin   were detected in the follicular 
fl uid in the previous biochemical studies [ 8 ,  15 ]. Indeed, 
with IVCT, albumin was clearly immunolocalized in  blood   
 vessel   s  ,  interstitium  , and ovarian  follicles   (Fig.  28.1 ) [ 14 ]. 
On the other hand, with conventional  perfusion   fi xation 
followed by  dehydration  , albumin immunoreactivity was 
decreased inside the ovarian follicles, and moreover dif-
fuse cytoplasmic immunostaining for albumin was 
observed inside some oocytes and granulosa cells [ 14 ]. 
Therefore, tissue preparation procedures with organ perfu-
sion or  chemical fi xation   followed by  alcohol dehydration   
can modify the immunodistribution of  serum    protein   s   
in vivo.

  Fig. 28.1    Serial  paraffi n   sections prepared by  in vivo cryotechnique   
and stained with hematoxylin-eosin (HE,  a ) or immunostained for 
 albumin   (Alb,  b ),  immunoglobulin    G   1   ( IgG1  ,  c ), or  IgM   ( d ) show that 
in late primary  follicle   in living mouse ovaries, multiple layers of fol-
licular cells surround the oocyte. Inside the  blood    vessel   s  , the clear 
immunoreactivity of the three  serum    protein   s   is observed ( a – d ,  white 
arrowheads ). Immunoreactivity of albumin ( b ,  black arrowhead ) and 

IgG1 ( c ,  black arrowhead ) is clear in the theca layers and  interstitium   
of ovary, but immunostaining for IgG1 is weaker inside ovarian  folli-
cles   ( c ,  black arrow ). Immunostaining for IgM is decreased in the 
interstitium and theca layers ( d ,  black arrows ) compared with that in 
blood vessels ( d ,  white arrowheads ) and hardly detected in the folli-
cles ( d ,  white arrow ).  Bars , 50 μm (The fi gure was modifi ed from 
Zhou et al. [ 14 ])       
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28.3        Characteristics of BFB 
for Permselectivity 

 Serial ovarian sections with  follicles   in different stages were 
prepared with IVCT and immunostained to compare distribu-
tions of the three  serum    protein   s   including  albumin   (69 kDa), 
 IgG1   (150 kDa), and  IgM   (900 kDa) (Fig.  28.1 ) [ 14 ]. In a late 
primary  follicle   with a stratifi ed layer of granulosa cells around 
the oocyte,  blood    vessel   s   contained immunoreactivities of all 
three proteins. While IgG1 immunoreactivity was decreased 
inside the primary follicle, immunoreactivities of albumin and 
IgG1 were also observed in the  interstitium   (Fig.  28.1 ). To the 
contrary, strong immunostaining for IgM was observed inside 
blood vessels but reduced in theca layers, interstitium, and fol-
licles. Therefore, large molecules such as IgG1 and IgM 
appear to be blocked around the follicles or the blood vessels, 
but small albumin easily enters ovarian follicles. 

 In primordial follicles composed of a primary oocyte and 
a single layer of fl at follicular cells surrounding the oocyte, 
 blood    vessel   s   around those  follicles   immunostained for the 
three  serum    protein   s   (Fig.  28.2 ) [ 14 ]. The  albumin   immunos-
taining was positive in those follicles. Weak immunostain-
ings for  IgG1   and  IgM   could be observed inside these 
follicles, and that for IgM was weak in the  interstitium   and 
theca layers (Fig.  28.2 ). Similar immunostaining of albumin, 
IgG1, and IgM was observed in antral follicles, where more 
layers of follicular cells and the antrum appear (Fig.  28.2 ). 
By contrast, immunostaining for the three serum proteins 
was all clear in the ovulated follicles [ 14 ], consistent with 
previous reports [ 11 ,  12 ].

   Previous studies suggested that BFB substantially affects 
distributions of medium-sized  serum   molecules [ 11 ]. Indeed, 
immunostaining for IαI (220 kDa) or  fi brinogen   (340 kDa) 
observed with IVCT was weaker inside the ovarian  follicles   
[ 14 ]. 

 Double immunofl uorescence labeling of  basement mem-
brane   s   and  IgGfc   or  IgM   in living mouse ovaries prepared by 
IVCT revealed that immunoreactivity of IgGfc was observed 
in the theca layers and  interstitium  , but weak inside ovarian 
 follicles   surrounded by the basement membranes which bor-
dered the changes of IgGfc immunoreactivity [ 14 ]. IgM 
immunoreactivity was detected exclusively in  blood    vessel   s   
around the theca interna and not in the ovarian follicles and 
interstitium. The  immunolocalization   of IgM was mostly 
restricted inside  endothelium   of the blood vessels surrounded 
by basement membranes. 

 Selective functions of molecular permeation throughout 
the follicular development until ovulation appear to be deter-
mined by BFB. In living mouse ovaries, the endothelial lay-
ers of  blood    vessel   s   determine in vivo  permeability   of large 
molecular weight proteins such as  IgM  , while the follicular 
 basement membrane   s   are important for  permselectivity   of 
middle-sized molecules, such as  IgG  .  Endothelium   of blood 

vessels generally controls the passage of  soluble component   s   
and circulating blood cells into tissue parenchyma. Adhesion 
and communication between adjacent  endothelial cell   s   are 
mediated by their intercellular junctions [ 16 ,  17 ]. Previous 
studies demonstrated that the  tight junction   s   were critical for 
endothelial permeability [ 18 ,  19 ]. In living mouse ovaries, 
the functions of intercellular communication between endo-
thelial cells are elusive regarding permeability of  soluble 
serum protein   s   through blood vessel walls. Studies at an 
electron microscopic level using IVCT would be important 
to elucidate the components and structures responsible for 
intercellular communication between endothelial cells in 
blood vessels of ovaries and regulation of permselectivity 
against larger molecules. 

 The  blood    vessel   s   are surrounded by  basement mem-
brane   s   which function as a porous  molecular sieve  . The 
charge and structural arrangement of its components, 
including  type IV collagen   and heparan sulfate proteogly-
cans, are responsible for the  molecular selectivity   of the 
basement membranes [ 20 ,  21 ]. Leakage of large  serum    pro-
tein   s   out of blood vessels is prevented by basement mem-
branes around blood vessels in some organs, such as kidneys 
[ 22 ,  23 ]. Follicular basement membranes in mouse ovaries 
would also have functions related to a molecular sieve of 
ovarian  follicles   and might be involved in regulation of 
developmental metabolic exchanges between inside and 
outside of the ovarian follicles. The  permselectivity   of base-
ment membranes appeared different around follicles and 
blood vessels. Their functional difference might be explained 
by the difference in their components. During the follicular 
development and ovulation, the follicular basement mem-
brane has to be dramatically changed [ 24 ,  25 ]. But signifi -
cant relationship between basement membranes and the 
BFB, which are continuously sealing the ovarian follicles 
during all development stages, is supported by the observa-
tion that BFB was functioning at an early stage of folliculo-
genesis [ 26 ].  

28.4     Concluding Remarks 

 The morphology of normal living mouse ovaries and  distri-
bution   of endogenous  soluble serum protein   s   could be pre-
cisely examined with IVCT. The size-dependent 
 permselectivity   of BFB against endogenous  serum    protein   s   
and also the histological layers responsible for the barrier 
functions of BFB were demonstrated during follicular devel-
opment in vivo. Distinct immunostaining patterns of those 
serum proteins suggest that the layers of follicular  basement 
membrane   s   in mouse ovaries are important for the  permea-
bility   of serum proteins with intermediate molecular sizes, 
while the vascular  endothelial cell   s   play signifi cant roles in 
the permselectivity of larger molecules.     

28 Involvement of Follicular Basement Membrane and Vascular Endothelium in Blood-Follicle Barrier Formation of Mice



  Fig. 28.2    Serial  paraffi n   sections showing primordial ( a – d ) and antral 
 follicles   ( e – h ) obtained from living mouse ovaries with  in vivo cryo-
technique   and stained with hematoxylin-eosin (HE,  a ,  e ) or immunos-
tained for  albumin   (Alb,  b ,  f ),  immunoglobulin    G   1   ( IgG1  ,  c ,  g ), or  IgM   
( d ,  h ). The sections demonstrate that the strong immunoreactivities of 
all three  serum    protein   s   are observed inside  blood    vessel   s   ( a – h ,  white 
arrowheads ). The immunoreactivity of IgG1 and IgM is not clearly 

seen inside the follicles ( c ,  d ,  g ,  h ,  black arrows ), and the IgM immu-
nostaining is weak also in the theca layers and  interstitium   ( d ,  h ,  black 
arrowheads ), as in or around the late primary follicles. The primordial 
follicles ( a ,  b ,  c ,  d ,  black arrows ) are composed of a single layer of fl at 
follicular cells surrounding the oocyte, and antral follicles have more 
layers of follicular cells and antrum among them.  Bars , 50 μm (The 
fi gure was modifi ed from Zhou et al. [ 14 ])       
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      Permselectivity of Blood-Follicle 
Barriers in Mouse Polycystic Ovary 
Model       

     Nobuhiko     Ohno      ,     Hong     Zhou    ,     Nobuo     Terada    , 
and     Shinichi     Ohno   

    Abstract  

  To elucidate alterations of follicular microenvironment and blood–follicle barriers (BFB) in 
polycystic ovary (PCO) syndrome, a mifepristone-induced PCO model was produced, and ovar-
ian morphology and distribution of soluble plasma proteins were examined with in vivo cryo-
technique (IVCT). Blood vessels with increased diameter and cystic follicles with degenerative 
membrana granulosa were clearly observed in the PCO model. The distribution of albumin 
(molecular weight, 69 kDa) and immunoglobulin M (IgM 900 kDa) was similar in normal and 
the PCO model ovaries. Albumin immunolocalized in the blood vessels, interstitium, and folli-
cles, and IgM was mostly restricted within the blood vessels. In the PCO model, immunolocal-
ization of immunoglobulin G (IgG; 150 kDa), inter-alpha- trypsin inhibitor (ITI; 220 kDa), and 
fi brinogen (340 kDa) was changed. In the PCO model ovaries, fi brinogen was mostly observed 
within blood vessels, and IgG and ITI were hardly observed in the membrana granulosa. The 
fi ndings suggest that the PCO model ovaries are characterized by enhanced selectivity of the 
BFB in addition to increased blood fl ow, and some intermediate-sized molecules are blocked by 
follicular basement membranes. The pathogenesis and pathophysiology of PCO syndrome may 
be modulated by the hemodynamic conditions and permselectivity of BFB.  

  Keywords  

   Blood vessel     •   Plasma proteins   •   In vivo  cryotechnique     •   Mouse ovary   •   Ovarian  follicles    

29.1         Introduction 

 Polycystic ovary (PCO) syndrome is a common cause of 
anovulation in reproductive-age women [ 1 ,  2 ]. Microscopic 
analyses of PCO syndrome have found histopathological 
fi ndings in ovaries which include hyperplasia of thecal cells, 
degenerative alterations in the granulosa of  follicles  , and 
multiple large cystic follicles [ 1 ,  3 ,  4 ]. In the PCO syndrome, 
alterations in follicular  microenvironment   may be affected in 
the changes of follicular morphology. Indeed, components in 
follicular fl uids are changed in PCO syndrome patients [ 5 –
 7 ]. The follicular microenvironment is affected by the fol-
licular fl uid, which is included in the avascular compartment 
of follicles and contains necessary growth factors. The fol-
licular fl uid is produced by secretion from granulosa cells 
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and diffusion of plasma proteins from thecal capillaries [ 8 –
 11 ]. Blood– follicle   barrier (BFB) was proposed as a func-
tional barrier modulating protein composition and 
concentrations in the follicular fl uid [ 12 ,  13 ] and is charge 
and size selective to be like a “ molecular sieve  ” composed of 
the capillary  endothelium  , the theca interna, the  basement 
membrane  , and the membrana granulosa. Under the normal 
condition, BFB allows translocation of low and intermediate 
molecular weight proteins into the follicular fl uid but hinders 
the passage of higher molecular weight components or larger 
particles [ 12 ,  14 ,  15 ]. The follicular  basement membranes   
and the vascular endothelium appear to be responsible for 
the  permselectivity   for some soluble plasma proteins [ 15 , 
 16 ]. In PCO syndrome, ovarian histology in addition to the 
follicular microenvironment could be signifi cantly changed, 
and the functional changes could involve alteration of BFB 
and modulate the components of follicular fl uid. 

 Under this background, the ovaries of PCO model mice 
were morphologically and immunohistochemically exam-
ined using  in vivo cryotechnique   (IVCT) to reveal the  func-
tional morphology   of ovaries in PCO syndrome and the 
potential association of PCO syndrome with BFB [ 17 ]. The 
PCO model mouse was induced by  mifepristone   to investi-
gate the effect of PCO syndrome-like endocrinological per-
turbations on ovarian physiology and histology during the 
short term [ 18 ,  19 ].  

29.2     Histological Examination of PCO 
Model Mouse Ovaries 

 The subcutaneous injection of the antiprogestin,  mifepris-
tone  , was used to produce a PCO model in mice [ 17 ,  20 ,  21 ]. 
The anovulation and multiple cysts in ovaries have been 
included in diagnostic criteria of PCO syndrome, and the 
administration of mifepristone to rats was used as a good 
model of human PCO syndrome [ 18 ,  22 ]. The daily checking 
of vaginal smear revealed that normal estrous cycles were 
impaired in all mice after 2–4 days of injection of mifepris-
tone until the time of tissue fi xation [ 17 ,  19 ,  20 ]. In speci-
mens prepared by conventional  perfusion   fi xation followed 
by  dehydration   (PF-DH), various kinds of developing  folli-
cles   were observed in the specimens of control mice, but the 
specimens from mifepristone-induced PCO model mice 
were characterized by typical follicular cysts [ 17 ]. In the 
PCO model mice, the thickness of the degenerative mem-
brana granulosa was decreased [ 17 ]. When the ovary tissue 
specimens of PCO model mice were prepared with IVCT, 
widely open  blood    vessel   s   with  fl owing erythrocyte   s   were 
clearly observed in both the cortex and medulla areas [ 17 ]. In 
the theca interna and medulla in the PCO model ovaries, 
numbers and volume of blood vessels were increased. 
Quantitative analyses using IVCT also confi rmed that the 

antral  follicle   numbers signifi cantly increased and the granu-
losa cell layer was thinner when compared with the thecal 
layer in the PCO model mice [ 17 ]. In addition, compared 
with those in the control mice, vascular volume was signifi -
cantly higher in the medulla areas of the PCO model mice, 
and the vascular diameters in theca interna were signifi cantly 
larger in the PCO model mice [ 17 ]. These results indicate 
that increases of vascularity and  blood circulation   are a major 
feature of PCO. 

 The observations of  blood    vessel   s   would represent the 
higher ovarian  blood fl ow   in the PCO model mice [ 17 ]. This 
concept is supported by previous observation with color and 
pulsed wave Doppler ultrasonography [ 23 ,  24 ]. The angio-
genesis and blood fl ow maintenance within the ovaries would 
be regulated by several growth factors [ 25 – 30 ]. In PCO syn-
drome women, VEGF has been positively correlated with 
ovarian stromal blood fl ow velocities [ 31 ,  32 ].  

29.3     Immunohistochemical Examination 
of BFB in PCO Model Mice 

 In the antral  follicles   of both the control and PCO model 
ovaries prepared with IVCT, immunoreactivities of  albumin   
(69 kDa),  immunoglobulin    G   1   heavy  chain   ( IgG1  ; 150 kDa), 
and  immunoglobulin M   ( IgM  ; 900 kDa) were all clearly 
observed in open  blood    vessel   s   (Fig.  29.1 ) [ 17 ]. The albumin 
immunostaining was clearly localized in the antral follicles 
of the PCO model and the control mice (Fig.  29.1 ), consis-
tent with the previous fi ndings [ 15 ]. In PCO model ovaries, 
only faint immunoreactivity of IgG1 was observed in the 
membrana granulosa, where weak immunostaining for IgG1 
is observed in control mice (Fig.  29.1 ). Immunostaining for 
IgM was similar between control and PCO model ovaries 
[ 17 ]. The immunoreactivity of IgM was strongly observed 
inside the blood vessels of the thecal layers, decreased in 
 interstitium   and thecal layers, and hardly seen inside the fol-
licles (Fig.  29.1 ). These fi ndings suggest that  distribution   of 
small and large proteins is not signifi cantly affected, but less 
plasma proteins with intermediate molecular weights, such 
as  IgG  , enter the ovarian follicles in the PCO model ovaries, 
compared with normal ovaries [ 17 ].

   IVCT along with double immunofl uorescence labeling of 
 collagen type IV  , a marker for follicular and vascular  base-
ment membrane   s  , and multiple plasma proteins with inter-
mediate molecular weights revealed altered  distribution   of 
the plasma proteins [ 17 ]. Immunoreactivity of  IgG  -Fc 
(150 kDa) was little in membrana granulosa of the antral  fol-
licles  , in comparison with the thecal layers and  blood    vessel   s   
(Fig.  29.2 ). In comparison with the thecal layers and blood 
vessels, almost no immunoreactivity of  inter-alpha-trypsin 
inhibitor   (ITI; 220 kDa) was observed in the membrana 
granulosa in the antral follicles (Fig.  29.2 ). The follicular 
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  Fig. 29.1    Serial  paraffi n   sections of antral  follicles   in the control (N; 
 a – d ,  i – k ,  o – q ,  u – w ) or  mifepristone  -induced polycystic ovary model 
(PCO;  e – h ,  l − n ,  r – t ,  x – z ) mouse ovaries prepared by  in vivo cryotech-
nique   and stained with hematoxylin-eosin (HE,  a ,  e ) or immunostained 
for  albumin   ( b ,  f ,  i – n ),  immunoglobulin    G   ( IgG1  ,  c ,  g ,  o – t ), and  IgM   ( d , 
 h ,  u – z ). The immunoreactivity of the three plasma proteins is clearly 
observed in the  blood    vessel   s   (BV;  a – h ,  i ,  l ,  o ,  r ,  u ,  x ,  black arrow-
heads ) of both control and PCO model mice. The albumin can be 
clearly detected in membrana granulosa (Gra) and antrum (Ant;  b ,  f ,  j , 
 k ,  m ,  n ,  white arrowheads ). Immunoreactivity of IgG1 in the mem-

brana granulosa is weaker than that in thecal layers and blood vessels in 
control mice ( c ,  p ,  q ,  arrows ). In contrast, immunoreactivity of IgG1 is 
very weak in the granulosa cell layer ( g ,  s ,  arrows ) and antrum ( g ,  t , 
 white arrowheads ) in PCO model ovaries. The immunoreactivity for 
IgM in the  interstitium   ( d ,  h ,  white arrowheads ) is weaker than that in 
the blood vessels ( d ,  h ,  u ,  x ,  black arrowheads ), and no immunoreactiv-
ity is observed in the follicles of both control and PCO model mice ( d , 
 h ,  v ,  w ,  y ,  arrows ). The regions marked with white rectangles in  b – d  
and  f – h  are magnifi ed in  i – z . Bars, 40 μm (The fi gure is adapted from 
Zhou et al. [ 17 ])       
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basement membranes immunostained with collagen type IV 
bordered the prominent immunoreactivity decrease of 
IgG-Fc and ITI (Fig.  29.2 ). The immunostaining for  fi brino-
gen   (340 kDa) was largely restricted within the blood  vessels, 
which was surrounded by the basement membranes immu-
nopositive for collagen type IV (Fig.  29.2 ).

   In the PCO model mice examined with IVCT, the immu-
noreactivity of proteins with intermediate molecular weights 
appears decreased inside the  follicles  . These fi ndings indi-
cate that such permselective functions especially against pro-
teins with intermediate molecular weights are enhanced in 
PCO. The impaired passage of middle-sized plasma proteins 

through follicular  basement membrane   s   might be attribut-
able to alterations of the  extracellular matrix   components 
around the developing follicles, since appropriate remodel-
ing of extracellular matrices is essential for normal ovulation 
[ 33 – 35 ]. Although only a part of ITI binds to  hyaluronic acid   
produced by granulosa cells to stabilize the cumulus extra-
cellular matrix, the decrease of follicular ITI may also be 
involved in disturbed follicular expansion and ovulation [ 36 –
 38 ]. On the other hand, high  fi brinogen   (340 kDa) immuno-
reactivity was bordered at the vascular  endothelium   which 
was surrounded by basement membranes immunopositive 
for  collagen type IV   (Fig.  29.2 ) [ 17 ]. In normal mouse ova-

  Fig. 29.2    Double immunostaining for  collagen type IV   (Col IV;  b ,  d , 
 f ,  h ,  j ,  l ,  red color ) and  immunoglobulin    G  -Fc ( IgGfc  ;  a ,  d ,  green 
color ),  inter-alpha-trypsin inhibitor   (IΤI;  e ,  h ,  green color ), and  fi brino-
gen   ( i ,  l ,  green color ) in PCO model mouse ovaries prepared with  in 
vivo cryotechnique   shows that little immunoreactivity of IgGfc ( a ,  d , 
 black arrowheads ) is seen in the granulosa cell layer of the  follicles  , in 
comparison with the thecal layers and  blood    vessel   s   ( a ,  d ,  white arrow-
heads ). Some IgGfc immunoreactivity is detected in the antrum ( a ,  d , 
 arrows ). Almost no immunoreactivity of ITI is seen in the granular cell 
layer ( e ,  h ,  black arrowheads ) and the antrum ( e ,  h ,  arrows ) of the fol-
licles, in comparison with the thecal layers and blood vessels ( e ,  h , 

 white arrowheads ). The decrease of IgGfc and ITI immunoreactivity is 
clearly bordered by the follicular  basement membrane   s   immunoposi-
tive for Col IV ( b ,  d ,  f ,  h ,  double white arrowheads ). The immunoreac-
tivity of fi brinogen is more clearly seen in the blood vessels of the 
thecal layers ( i ,  l ,  arrowheads ), while it is not detected inside the antral 
follicles ( i ,  l ,  arrows ). The alterations of fi brinogen immunoreactivity 
are mostly bordered by vascular basement membranes immunopositive 
for Col IV ( j ,  l ,  white arrowheads ) and also partly by the follicular base-
ment membranes ( j ,  l ,  double white arrowheads ). The cellular nuclei 
are labeled with Topro3 ( c ,  d ,  g ,  h ,  k ,  l ,  blue color ). Bars, 20 μm (The 
fi gure is adapted from Zhou et al. [ 17 ])       
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ries, fi brinogen passed through the basement membranes 
into the  interstitium   [ 15 ]. The endothelium is considered to 
be one of the important sites for the BFB  permselectivity   
[ 15 ,  16 ]. Dynamic cellular rearrangements, partly regulated 
by cell–cell adhesion, play essential roles in morphological 
changes during follicular development [ 39 ,  40 ]. The  tight 
junction   is located on the apical side of epithelial and  endo-
thelial cell   s   to completely seal their intercellular spaces [ 41 , 
 42 ]. Downregulation of claudin 5 is caused by VEGF inhibi-
tion in the endothelium of the thecal vasculature [ 43 ]. The 
upregulation of claudin may contribute to the enhanced 
permselectivity of endothelial cells, given that the ovarian 
 blood    fl ow   and VEGF expression in  blood circulation   are 
signifi cantly increased in the PCO syndrome [ 32 ]. 

 Since the structural components of  basement membrane   s   
are responsible for the  permselectivity   [ 44 ,  45 ],  collagen 
type IV   α chains were immunohistochemically examined to 
reveal any changes in the major components of the basement 
membranes [ 17 ,  46 ,  47 ]. However, immunohistochemical 
analyses of the basement membrane components, including 
collagen type IV α2, α4, and α5 chains, in control and PCO 
model ovaries revealed that there was no detectable change 
of the basement membrane components [ 17 ]. In addition, it 
was previously reported in PCO that there were few ultra-
structural changes in follicular basement membranes [ 48 ]. 
Further analyses on other molecular components of base-
ment membranes, such as perlecan, nidogens, and laminins, 
and ultrastructures of the follicular basement membranes 
using IVCT would be useful, since the conventional prepara-
tion methods cause  shrinkage    artifacts   in basement mem-
branes at an ultrastructural level [ 49 ].  

29.4     Concluding Remarks 

 With IVCT, morphological changes and the immunoreactiv-
ity of plasma proteins were clearly observed in living mouse 
ovaries of the PCO model. Enlarged  blood    vessel   s   were 
observed in the ovaries of the PCO model mice prepared 
with IVCT, indicating increased  blood fl ow   into the ovaries. 
In addition, in the PCO model ovaries, follicular cysts with 
degenerative membrana granulosa were formed. Plasma pro-
teins with intermediate molecular weights, including  IgG1  , 
ITI, and  fi brinogen  , appeared to be strictly bordered at the 
BFB in the PCO model mice, although the  distribution   of 
plasma proteins with low and high molecular weights, 
including  albumin   and  IgM  , was similar in the PCO model 
and normal mice. IVCT revealed that the PCO model ovaries 
are characterized by the increased  blood circulation   and 
higher selectivity of plasma protein permeation through the 
BFB. The pathogenesis and pathophysiology of PCO syn-
drome might by infl uenced by the alterations of  hemody-
namic condition   s   and  permselectivity   of BFB.     
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      Application of “In Vivo Cryotechnique” 
to Immunohistochemical Study 
of Serum Albumin in Normal 
and Cadmium-Treated Mouse Testis 
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    Abstract  

  In this chapter, we present application of “in vivo cryotechnique” (IVCT) to evaluation of 
blood-testis barrier (BTB) function in mouse testis, by visualization of albumin distribution. 
The albumin in the seminiferous tubules was well immobilized by combination of IVCT, 
freeze-substitution fi xation and paraffi n-embedding processes. In normal seminiferous 
tubules, albumin was immunostained as archlike pattern around some spermatogonia in 
basal compartments of seminiferous tubules, as well as in blood vessels and around peritu-
bular myoid cells and Leydig cells. After the BTB disruption induced by injection of cad-
mium (Cd), some enlarged spaces and vesicular formations in the seminiferous epithelium 
were observed on the HE-stained sections. The albumin immunolocalization was detected 
not only in the basal compartments but also in the adluminal compartments between Sertoli 
cells and germ cells. Thus, the structural disruptions of BTB could be clearly demonstrated 
by IVCT.  

  Keywords  
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30.1         Evaluation of Blood-Testis Barrier 
(BTB) Function in Testis with In Vivo 
Cryotechnique (IVCT) 

 The BTB in testis is constituted mainly by  Sertoli cell  ’s  tight 
junction   s   (TJ). The functional and structural integrity of 
BTB plays a crucial role in maintaining the  microenviron-
ment   of the  seminiferous epithelium   for both germ cell 
migration and normal spermatogenesis [ 1 ,  2 ]. Cadmium 
(Cd) is already known to be a ubiquitous industrial and envi-
ronmental metal pollutant, which has a long biological half- 
life and a cumulative toxic effect on both humans and 
experimental animals [ 3 ,  4 ]. The Cd treatment was reported 
to cause biological damage to several organs, including the 
 kidney  ,  liver  , lung, bone, and testis [ 5 ]. The probable effect 
on the testis damages has been reported to disrupt the Sertoli 
cell’s TJ barriers, resulting in a decrease of germ cells of the 
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seminiferous epithelium and fi nally  shrinkage   of testis [ 6 – 9 ]. 
At a biochemical level, the Cd treatment was reported to 
reduce the amount of Sertoli cell’s TJ proteins, occludin and 
zonula occludens-1 [ 10 ]. 

 To evaluate time-dependent toxic effects of Cd on living 
mouse testis organs, especially on BTB  permeability  , we 
demonstrate useful protocol by our IVCT [ 11 ] with  immuno-
histochemistry   [ 12 ,  13 ] for directly monitoring the in vivo 
 immunolocalization   of  serum    albumin   and  immunoglobulin   
proteins in  living animal organ   s  . In this chapter, we demon-
strate immunohistochemical study of serum  albumin   in nor-
mal and  cadmium  -treated mouse testis organs by  in vivo 
cryotechnique  . Precise methods and results have been 
reported in the previous paper [ 14 ].  

30.2     IVCT for Living Mouse Testis 

 Mice were anesthetized with sodium pentobarbital, and 
their testis organs were surgically exposed without disturb-
ing their  blood   supply. The IVCT was performed with a use 
of the “ in vivo cryoapparatu   s  ” [ 12 ,  15 ] or by direct pouring 
of  isopentane  -propane  cryogen   precooled in liquid nitro-
gen (inset in Fig.  30.1a ). The frozen testes were processed 
to  freeze-substitution    fi xation   and  paraffi n   embedding.

30.3        Immunolocalization of Albumin 
in Normal Testis 

 In normal seminiferous tubules (Fig.  30.1a, b ),  albumin   
immunoreactivity was mainly detected around peritubular 
myoid cells, forming continuous immunostaining areas as 

well as among interstitial Leydig cells and inside  blood   
 capillaries  . Another albumin immunostaining was detected 
as small archlike patterns within the  seminiferous epithe-
lium   and restricted in the  basal compartment  , locating 
around some spermatogonia (arrows in Fig.  30.1b ). 
Appearance and disappearance of the archlike patterns 
were closely related to the developmental stages of semi-
niferous epithelial cycles. The number of the archlike pat-
terns at stages VII–VIII of the seminiferous epithelial 
cycle (mature spermatozoon accumulated at the upper 
luminal part and ready to release) was much higher than 
that at stages I–II (spermatogenesis proceeding to the early 
spermatid).  

30.4     Immunolocalization of Albumin After 
Cd Treatment 

 The  cadmium   chloride (CdCl 2 ) was intraperitoneally 
injected at a single dose to induce their testis damage, as 
previously described [ 2 ]. Thereafter, the mice were exam-
ined 24 and 48 h after the Cd treatment. In 24 h (Fig.  30.1c, 
d ), the  albumin   immunostaining was detected not only in 
the  basal compartment   of  seminiferous epithelium   but also 
in the adluminal compartment between supporting  Sertoli 
cell  s and developing spermatogenic cells (Fig.  30.1d ), 
indicating abnormal immunoreactivity of  serum    albumin   
through BTB structures. Forty-eight hours after the Cd 
treatment, some seminiferous tubules were shown to be 
typical atrophic structures, by decreasing the number of 
germ cells. In such seminiferous tubules, the albumin 
immunostaining was also detected between the Sertoli 
cells. 

  Fig. 30.1    ( a – d ) Light micrographs of  HE-staining   ( a ,  c ) and immunos-
taining for  albumin   ( b ,  d ) in seminiferous tubules of the normal ( a ,  b ) 
and the 24 h  cadmium  -treated ( c ,  d ) mouse testis. Archlike immunos-
taining patterns are observed around spermatogenic cells in the  basal 

compartment  s ( arrows  in  b ). After the cadmium treatment, the albumin 
immunostaining is observed in the adluminal compartment between 
 Sertoli cell  s and germ cells ( arrowheads  in  d ). Precise data have been 
reported in the previous paper (Liao et al. [ 14 ]).  Bars,  40 μm       
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 The present fi ndings confi rmed that the immunointensity 
of leaked  albumin   through BTB in the  basal compartment  s 
was obviously stronger in the  seminiferous epithelium   of the 
living mice at 24 h after the Cd treatment. The different 
immunolocalizations of  serum    albumin   in the seminiferous 
tubules between normal and Cd-treated mouse testis organs 
support an idea that the TJ structure against protein  permea-
bility   between  Sertoli cell  s is the most vulnerable portion 
affected by Cd toxicity, as reported before [ 10 ,  16 ].  

30.5     Concluding Remarks 

 The time-dependent morphological changes of seminiferous 
tubules in the Cd-treated living mice, including different 
immunostaining patterns of  albumin   in the  basal compart-
ment   with BTB disruption, can be clearly detected by the “ in 
vivo cryotechnique  ” combined with both  freeze-substitution   
and  immunohistochemistry  .     

   References 

    1.    Russell LD (1997) Movement of spermatocytes from the basal to 
the adluminal compartment of the rat testis. Am J Anat 
148:313–328  

     2.    Wong CH, Mruk DD, Lui WY, Cheng CY (2004) Regulation of 
blood-testis barrier dynamics: an in vivo study. J Cell Sci 
117:783–798  

    3.    Liao XG, Li WX (1999) Ultrastructural and G-6-Pase cytochemical 
studies of injurious action of cadmium and protection of zinc on rat 
Leydig cells. Reprod Contracept 10:203–213  

    4.    Benoff SH, Millan C, Hurley IR, Napolitano B, Marmar JL (2004) 
Bilateral increased apoptosis and bilateral accumulation of cad-
mium in infertile men with left varicocele. Hum Reprod 
19:616–627  

    5.    Gubrelay U, Mehta A, Singh M, Flora SJ (2004) Comparative 
hepatic and renal toxicity of cadmium in male and female rats. J 
Environ Biol 25:65–73  

    6.    Hew KW, Heath GL, Jiwa A, Welsh MJ (1993) Cadmium in vivo 
causes disruption of tight junction-associated microfi laments in rat 
Sertoli cells. Biol Reprod 49:840–849  

   7.    Xu G, Zhou G, Jin T, Zhou T, Hammarstrom S, Bergh A, Nordberg 
G (1999) Apoptosis and p53 gene expression in male reproductive 
tissues of cadmium exposed rats. Biometals 12:131–139  

   8.    Zhou T, Zhou G, Song W, Eguchi N, Lu W, Lundin E, Jin T, 
Nordberg G (1999) Cadmium-induced apoptosis and changes in 
expression of p53, c-jun and MT-I genes in testes and ventral pros-
tate of rats. Toxicology 142:1–139  

    9.    Chung NP, Cheng CY (2001) Is cadmium chloride-induced inter- 
Sertoli tight junction permeability barrier disruption a suitable 
in vitro model to study the events of junction disassembly during 
spermatogenesis in the rat testis? Endocrinology 142:1878–1888  

     10.    Fiorini C, Tilloy-Ellul A, Chevalier S, Charuel C, Pointis G (2004) 
Sertoli cell junctional proteins as early targets for different classes 
of reproductive toxicants. Reprod Toxicol 18:413–421  

    11.    Ohno S, Terada N, Fujii Y, Ueda H, Takayama I (1996) Dynamic 
structure of glomerular capillary loop as revealed by an in vivo 
cryotechnique. Virchows Arch 427:519–527  

     12.    Zea-Aragon Z, Terada N, Ohno N, Fujii Y, Baba T, Ohno S (2004) 
Effects of anoxia on serum immunoglobulin and albumin leakage 
through blood-brain barrier in mouse cerebellum as revealed by 
cryotechniques. J Neurosci Methods 138:89–95  

    13.    Ohno N, Terada N, Murata S, Katoh R, Ohno S (2005) Application 
of cryotechniques with freeze-substitution for the immunohisto-
chemical demonstration of intranuclear pCREB and chromosome 
territory. J Histochem Cytochem 51:55–62  

     14.    Liao X, Terada N, Ohno N, Li Z, Fujii Y, Baba T, Ohno S (2006) 
Immunohistochemical study of serum albumin in normal and 
cadmium- treated mouse testis organs by “in vivo cryotechnique”. 
Histol Histopathol 21:35–40  

    15.    Ohno N, Terada N, Ohno S (2004) Advanced application of the 
in vivo cryotechnique to immunohistochemistry for animal organs. 
Acta Histochem Cytochem 37:357–364  

    16.    Lui WY, Wong CH, Mruk DD, Cheng CY (2003) TGF-beta 3 regu-
lates the blood-testis barrier dynamics via the p38 mitogen acti-
vated protein (MAP) kinase pathway: an in vivo study. 
Endocrinology 144:1139–1142    

30 Application of “In Vivo Cryotechnique” to Immunohistochemical Study of Serum…



165© Springer Japan 2016
S. Ohno et al. (eds.), In Vivo Cryotechnique in Biomedical Research and Application 
for Bioimaging of Living Animal Organs, DOI 10.1007/978-4-431-55723-4_31

      Immunohistochemical Detection 
of Angiotensin II Receptors in Mouse 
Cerebellum       
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    Abstract  

  Angiotensin II (AT) receptors, including AT receptor type 1 (AT1R) and type 2 (AT2R), are 
expressed in the rodent central nervous system, but their distributions and activation states 
are still unclear. In this study, we have performed immunohistochemical analyses of AT 
receptors in mouse cerebellum using our “in vivo cryotechnique” (IVCT). We used 
 antibodies against amino-terminal domains of AT receptors, which are considered to 
undergo conformational changes upon the binding of AT. Immunoreactivity of AT1R was 
detected in mouse cerebellum and was highest in the outer tissue areas of molecular layers 
using IVCT. Surprisingly, the AT1R immunoreactivity in the cerebellar cortex was remark-
ably reduced following 5 and 10 min of hypoxia. The correlation of localization with GFAP 
and also hypoxia-induced decrease of its immunoreactivity were similarly observed by 
immunostaining of AT2R in the cerebellar specimens. These fi ndings demonstrated that 
IVCT is useful to reveal dynamically changing immunoreactivities usually affected by 
receptor- ligand binding as well as hypoxia and also suggested that functional activities of 
AT receptors are time-dependently modulated under hypoxia in the central nervous system 
in comparison with the adrenal gland.  
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31.1         Introduction 

  Angiotensin II receptor   s  , type 1 (AT1R) and type 2 ( AT2R  ), 
belong to the superfamily of seven-transmembrane G protein- 
coupled receptors [ 9 ] and mediate the physiological functions 
of  angiotensin II   (AT), an octapeptide hormone regulating 
cardiovascular homeostasis, in various organs of animals [ 4 ]. 
Some previous studies also demonstrated that  AT receptor   s   
were often expressed in  neurons   and glia of the  central 
 nervous system   (CNS) and play some functional roles in 
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hemodynamic control, differentiation, neuronal  plasticity, 
and cell survival [ 1 ,  5 ,  8 ,  18 ,  20 ]. Although both AT1R and 
AT2R are expressed in animal  cerebellum   [ 2 ,  3 ,  6 ,  11 ,  19 ], 
their distributions and activation states under  physiological 
and pathological conditions have not been well understood. 

 In the last one and a half decades, our “ in vivo cryotech-
nique  ” (IVCT) has become well known as a powerful tool to 
retain native ultrastructures in brain tissue sections, such as 
 extracellular space   s   in mouse  cerebellar cortex   [ 16 ,  17 ]. In addi-
tion, using IVCT followed by  freeze-substitution   (FS)  fi xation  , 
unstable signal molecular components in animal organs were 
instantly captured in situ and could be immunohistochemically 
visualized without  technical artifact   s   due to  anoxia   and  isch-
emia   [ 22 ]. Therefore, the functional activities of  AT receptor   s   
could be examined using IVCT along with specifi c  antibodies  , 
whose immunoreactivities usually depend on the dynamic bind-
ing of ligands and agonists to the receptors [ 10 ]. G protein-cou-
pled receptors, including AT1R and  AT2R  , undergo rapid 
 conformational change   s   of  extracellular amino-terminal   regions 
upon the binding of AT ligands and agonists [ 7 ]. Therefore, 
some immunoreactivity changes of specifi c antibodies against 
the amino-terminal regions of such receptors could refl ect alter-
ations of ligand- binding activities and rapid adaptation for the 
intracellular  metabolism   and  microenvironment  . 

 In the present study, we used the IVCT and also  antibodies   
against amino-terminal regions of  AT receptor   s   and  performed 
immunohistochemical analyses of mouse  cerebellum  . We also 
examined their immunoreactivity changes under normal or 
 hypoxic condition   s   using IVCT. Our present results demon-
strated that immunoreactivities of dynamically changing AT1R 
and  AT2R   were clearly detected using IVCT and were closely 
related to  Bergmann glia   and some astrocytes immunopositive 

for glial fi brillary acidic protein ( GFAP  ). In addition, the AT1R 
immunoreactivity in the mouse cerebellum was diminished 
under hypoxic conditions for 5 min. The  hypoxia  -induced immu-
nostaining change of AT2R mostly resembled that of AT1R.  

31.2     Different Preparation Methods 
for Mouse Cerebellum 
and Adrenal Gland  

 For the control group, IVCT was performed with an  in vivo 
cryoapparatu   s   (IV-II; EIKO Engineering, Hitachinaka, Ibaraki, 
Japan) on living mouse  cerebellum   under normal respiration 
conditions (Fig.  31.1b ), as reported previously [ 15 ]. For the 
experimental  hypoxia   groups, IVCT was performed at 1, 5, 10, 
or 15 min after opening the thoracic cavity [ 21 ]. To expose the 
cerebellum of anesthetized mice, a part of the cranial bone was 
carefully removed with a dental electric drill [ 16 ]. IVCT was 
performed by directly cutting the cerebellum with a  cryoknife   
precooled in liquid nitrogen (−196 °C) (Fig.  31.1b ) [ 13 ] and 
then immediately pouring  isopentane  -propane (IP)  cryogen   
(−193 °C) over it under the in vivo cryoapparatus (Fig.  31.1b ).

31.3        Immunolocalization Comparison 
of AT1R with Different Preparation 
in Cerebellum of Mouse 

 The immunolocalizations of AT1R examined using QF-FS 
were mostly similar to those prepared using IVCT 
(Fig.  31.2a–f ), and immunoreaction products appeared to be 
clustered or linear dot patterns in the mouse  cerebellar cor-

  Fig. 31.1    ( a ) A fl ow chart of the 
three different preparation 
procedures, namely,  in vivo 
cryotechnique   with  freeze- 
substitution     (i),  quick-freezing   of 
fresh resected tissues followed by 
freeze-substitution (ii), and 
conventional  perfusion    fi xation   
with  alcohol dehydration   (iii) for 
mouse organs, such as  cerebellum   
or adrenal glands, which are 
fi nally embedded in  paraffi n   wax. 
( b ) A schematic drawing of the 
in vivo  cryotechnique   for an 
anesthetized mouse cerebellum 
under an  in vivo cryoapparatu   s  . It 
is frozen in vivo with a  cryoknife   
and simultaneously has 
 isopentane  -propane ( IP )  cryogen   
(−193 °C) poured on it       
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  Fig. 31.2    Immunostaining of AT1R with the three 
different preparation methods, namely, IVCT-FS ( a – c ), 
QF-FS ( d – f ), and PF-DH ( g – i ). Immunoreaction 
products in the specimens prepared using IVCT-FS are 
more clearly detected in molecular layers,  Purkinje cell   
layers, and granular layers than those prepared using 
QF-FS and PF-DH. At higher magnifi cation, 
immunoreaction products, recognized as dot patterns, 
are less clear in the molecular layers using QF-FS and 
PF-DH ( b ,  e ,  h ,  arrowheads ) and also less clear in 
Purkinje cell layers with QF-FS and PF-DH ( c ,  f ,  i , 
 arrowheads ). Bars, 20 μm       

 

31 Immunohistochemical Detection of Angiotensin II Receptors in Mouse Cerebellum



168

  Fig. 31.3    Light microscopic images of HE staining ( a ,  e ,  i ) and immu-
nostaining of AT1R ( b ,  f ,  j ),  calbindin   ( c ,  g ,  k ), and  GFAP   ( d ,  h ,  l ) 
under 1 ( a – d ), 5 ( e – h ) and 10 ( i – l ) min  hypoxia   in serial sections of the 
mouse  cerebellum  , as prepared using IVCT-FS. At 1 min after hypoxia, 
AT1R immunoreactivity is still detected, whereas its intensity is slightly 
decreased in comparison with those of normal mice, as shown in 
Figs.  31.2d  and  31.3a . At 5 ( f ) and 10 ( j ) min of hypoxia, AT1R 

 immunoreactivity is remarkably reduced in all three layers, namely, 
 molecular layer ( Mo ),  Purkinje cell   layer ( Pu ), and granular layer ( Gr ). 
Moreover, as seen by HE staining ( e ,  i ), some  Purkinje cells   show more 
eosinophilic cytoplasm at 5 and 10 min after hypoxia. By contrast, 
immunostaining of calbindin or GFAP does not change following 
hypoxia. Bars, 20 μm       

tex  . However, compared with the AT1R immunoreactivity 
detected using IVCT (Fig.  31.2a–c ), it was more weakly 
detected in all three layers using QF-FS (Fig.  31.2d–f ). Using 
the conventional PF-DH (Fig.  31.2g–i ), the AT1R immuno-
reactivity was less obviously detected in the three layers.

   Our previous studies demonstrated that both QF-FS and 
PF-DH easily caused  technical artifact   s   of morphology 
because of  hypoxia  / ischemia   inevitably induced by the con-
ventional  chemical fi xation   [ 17 ]. Therefore, the decreased 
AT1R immunoreactivity following both QF-FS and PF-DH 
preparations indicated that the immunostaining of AT1R was 
inevitably altered by  hypoxic condition   s  .  

31.4     Immunoreactivity of AT1R at Several 
Hypoxia Time 

 To confi rm this possibility, the immunoreactivity of AT1R 
was examined in mouse  cerebellum   prepared using IVCT 
under different intervals of  hypoxia  . IVCT was similarly 

 performed at three time points under hypoxia after opening 
the thoracic cavity, as shown in Fig.  31.1b . Following 1 min 
of hypoxia, the immunoreactivity of AT1R was slightly 
decreased, but still clearly detected in all three layers of 
  cerebellar cortex   (Fig.  31.3a, b ). However, after 5 and 10 min 
of hypoxia, it was remarkably reduced and undetectable in 
the three layers (Fig.  31.3e, f , i, j). By contrast, the immuno-
reactivities of both  calbindin   (Fig.  31.3c, g, k ) and  GFAP   
(Fig.  31.3d, h, l ) were mostly unchanged under such  hypoxic 
condition   s  .

31.5        Immunoreactivity of  AT2R   at Several 
Hypoxia Time 

 Next, considering the  hypoxic condition   s  , the immunoreac-
tivity of  AT2R   in the  cerebellar cortex   was still detected at 
1 min of  hypoxia   (Fig.  31.4a ), which was similar to that of 
AT1R (Fig.  31.3b ), but it was remarkably reduced at 5 or 
10 min of hypoxia (Fig.  31.4b, c ).
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31.6        Concluding Remarks 

 With IVCT-FS, several technical problems in clarifying the 
native tissue morphology and the precise  immunolocalizations 
of signal molecules or receptors were avoidable, including 
tissue  shrinkage   and the translocation of  soluble protein  s 
caused by  chemical fi xation   and  alcohol dehydration   [ 17 ,  21 , 
 22 ]. The meshwork-like structures induced by the tiny  ice 
crystal    formation   probably facilitate  effective penetration of 
antibodies   during immunohistochemical steps, resulting in 
better formation of antigen- antibody   complexes [ 14 ]. 
Moreover,  freeze-substitution   (FS)  fi xation   has an additional 
benefi t of avoiding  antigen-retrieval   treatments. Therefore, 
we were able to obtain clearer immunolocalizations of AT1R 
and  AT2R   in the mouse  cerebellum  . In the present study, 
both AT1R and AT2R were immunolocalized in the molecu-
lar,  Purkinje cell  , and granular layers of mouse cerebellum. 
Our fi ndings are consistent with previous reports, showing 
that  AT receptor   s   were located in the  cerebellar cortex   [ 2 , 
 11 ]. It is also interesting that the immunoreactivity of AT 
receptors became rarely detectable in the mouse cerebellum 
following  hypoxia  . The  antibodies   used in this study are 
raised against the extracellular N-terminal regions of the AT 
receptors [ 10 ], which undergo  conformational change   s   upon 
receptor activation [ 12 ]. One possibility for the reduced 
immunoreactivity is that molecular structures of the AT recep-
tors, AT1R and AT2R, bound to ligands can be effectively 
retained using IVCT, and it could capture dynamic 
 detachment of AT ligands from the AT receptors and confor-
mational alteration of the receptors from activated to nonac-
tivated states, as reported previously for  rhodopsin   [ 22 ]. The 
present fi gures were already published in our paper, 
Histochem Cell Biol (2013) 140:477–490, and cited with 
their permissions.     
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to Immunohistochemical Analyses 
for Effects of Anoxia on Serum 
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    Abstract  

  In this chapter, we present the application of “in vivo cryotechnique” (IVCT) to examina-
tion of time-dependent topographical changes of leaking proteins from blood vessels in the 
mouse cerebellum, to assess the blood–brain barrier (BBB). The distribution of leaking 
serum proteins was compared by various cryotechniques. The cryofi xed cerebellar tissues 
were processed for the freeze-substitution method and paraffi n embedding. Serial deparaf-
fi nized sections were immunostained by anti-mouse immunoglobulin G (IgG) or albumin 
antibody. By combination of IVCT, serum IgG and albumin were clearly localized inside of 
cerebellar blood vessels. In anoxic cerebellar tissues, which were partially removed from 
brains in the mouse skull and quickly frozen in the isopentane–propane within a minute, 
serum IgG and albumin were diffusely immunostained around the blood capillaries, show-
ing leakage of the serum components through the BBB changes. Thus, IVCT revealed 
in vivo localization of serum components in mouse brains.  

  Keywords  
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32.1         Merit of In Vivo Cryotechnique (IVCT) 
to Evaluate Blood–Brain Barrier (BBB) 

 In the  central nervous system  , there is a highly selective bar-
rier that separates the circulating  blood   from extracellular 
fl uid, termed BBB. Although the functional integrity of the 
BBB was fi rst measured using the in vivo injection of dye-
stuff [ 1 ], these dyes were found to bind with plasma proteins 
and lose their color intensity due to chemical reactions in 
the biological tissues. These technical diffi culties led to the 
development of alternative tracer methods such as the 
in vivo injection of  horseradish peroxidase   (HRP)    [ 2 ,  3 ], 
radiolabeled tracers [ 4 ], or  fl uorescent dye   s   [ 5 ]. On the other 
hand, immunohistochemical technique has been widely 
used to reveal  albumin   localization in extravascular matrices 
of rat brains [ 6 ,  7 ]. Transcardial  perfusion   of trypan blue 
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was also reported to be a marker for checking alteration of 
the BBB integrity [ 8 ]. 

 However, conventional fi xatives could easily release loosely 
bound or  soluble protein   components and then link them to 
other structure elements, with which they were not originally 
associated [ 9 ]. A technical solution for these problems has 
been known to be offered with another physical  cryofi xation  , 
such as  quick-freezing  , which would have an advantage that 
the physical cryofi xation for animal cells and tissues can be 
completed within a time of milliseconds [ 10 ]. For the purpose 
of applying the  quick-freezing method   for functioning cells 
and tissues in vivo, IVCT was developed [ 11 ], which was to 
arrest the transient behavior at the highest time resolution in 
animal living cells and tissues by the combination of a 
 cryoknife   cooled down in liquid nitrogen and another  isopen-
tane  –propane  cryogen   (−193 °C) (Fig.  32.1a ). IVCT and fol-
lowing  freeze-substitution    fi xation   (FS) would be the most 
reliable technique to keep  soluble serum protein   s   in the  blood   
 vessel   s   of animal brains. In addition, the protocol is useful to 
obtain good immunoreactivity because  antibodies   easily pen-
etrate into tissue samples through tiny  ice crystal   s   (Fig.  32.1b ). 
In this chapter, we demonstrate  immunolocalization   of  serum   
 protein   s   in mouse  cerebellum   with IVCT. Precise methods and 
results have been reported in the previous paper [ 12 ].

32.2        IVCT for Living Animal Cerebellum 

 Adult mice were anesthetized with sodium pentobarbital, 
and their  cerebellum   was surgically exposed. As depicted in 
Fig.  32.1a , while the heart was normally beating, the cerebel-

lum was vertically cut with the precooled  cryoknife   as fast as 
possible and simultaneously poured with the  isopentane  –
propane  cryogen   [ 11 ]. The frozen cerebellar tissues were 
carefully trimmed out with a dental drill in liquid nitrogen 
and then processed for the following FS step.  

32.3     Detection of Serum  IgG   in Blood 
Capillaries In Vivo 

 Under normal condition,  IgG   was immunolocalized in  blood   
 vessel   s   of  cerebellum   with IVCT followed by FS 
(Fig.  32.1c ). Judging from sizes of tiny  ice crystal   s   at low 
resolution by light  microscopy  , artifi cial destruction of 
blood vessel structures was not well recognized in molecu-
lar layers at cerebellar surface layer tissues (ML in 
Fig.  32.1c ) and granular layers at deeper regions (GL in 
Fig.  32.1c ). The well- preserved tissues were nearly within 
200–300 μm from the cerebellar surface area, which the  iso-
pentane  –propane  cryogen   was directly poured over and the 
 cryoknife   was closely attached to. There was no immunore-
activity for IgG outside the blood vessels, suggesting no 
 leakage   or prominent movement of  serum   IgG proteins dur-
ing the FS method as well as the immunohistochemical 
staining process. 

 After the  perfusion    fi xation   with 2 %  paraformaldehyde   
in phosphate buffer, there was no immunoreactivity with 
anti- IgG    antibody   in the  blood    vessel   s  , due to washing out of 
blood during the  perfusion-fi xation  . Thus,  soluble serum 
protein   s  , such as IgG, can be preserved by the combination 
of our IVCT and FS method.  

  Fig. 32.1    ( a ) A schematic representation of “ in vivo cryotechnique  ” 
(IVCT) for the mouse  cerebellum   after opening the scull;  cryoknife   is 
push into the cerebellum and simultaneously  isopentane  –propane cryo-
gen (−193 °C) is poured over the cerebellum. ( b ) The schema illustrates 
three merits of IVCT with  freeze-substitution    fi xation   (FS). ( c ,  d ) 

Immunostaining of  IgG   in normal mouse cerebellum with IVCT 
(Normal;  c ) and removed cerebellum to induce  hypoxic condition   with 
 quick-freezing    method   (Removed;  d ).  ML  molecular layer,  Pu   Purkinje 
cell   layer,  GL  granular layer. Precise data have been reported in the 
previous paper (Zea-Aragón et al. [ 12 ]). Bars,  c ,  d , 50 μm       
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32.4     Leakage of  IgG   from Blood Vessels 
in Anoxic Cerebellum 

 In the cerebellar tissues immediately after a sudden stop of 
cerebellar  blood   supply,  IgG   was diffusely immunostained 
around  blood vessel   s   (Fig.  32.1d ). In such extravascular 
regions, there was no blood cell, indicating that no bleed-
ing nor infl ammatory reactions had happened around there. 
The  distribution   pattern of the IgG-immunostaining prod-
ucts was sometimes fan-shaped, indicating the  leakage   of 
 serum   IgG from some restricted points of the blood ves-
sels. These fi ndings suggest that the  quick-freezing   and 
 freeze-substitution    method   applied in this section for 
 immunohistochemistry   enabled us to detect the functional 
damage of the BBB. 

 The immunostaining pattern of  albumin   was also observed 
to be similar to that of  IgG  , being a fan-shaped  leakage   
around  blood    capillaries  . The albumin immunoreaction 
products were observed to be exclusively localized within 
the  blood vessel   s   in cerebellar tissues under  normal blood 
fl ow   conditions, as prepared by IVCT.  

32.5     Concluding Remarks 

 The combined procedure, the IVCT and FS method, pre-
sented here would be useful for clarifying time-dependent 
and native  distribution   of leaking  serum    protein   s   through 
damaged BBB under various pathological conditions.     
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      Extracellular Space in Central Nervous 
System       

     Nobuhiko     Ohno      ,     Nobuo     Terada    , and     Shinichi     Ohno   

    Abstract  

  The ultrastructures of the cerebellar cortex in living mice were investigated using the “in 
vivo cryotechnique” (IVCT). Electron microscopic observation with IVCT revealed that 
large extracellular spaces (ECS) were clearly observed among profi les of neurons and glia 
in molecular and Purkinje cell layers of the mouse cerebellum. The ECS were signifi cantly 
reduced by prolonged ischemia/anoxia, since the ECS were smaller in tissue specimens 
obtained with IVCT following 8 min ischemia or the conventional quick-freezing method 
of resected fresh tissues. The parallel fi bers observed with IVCT after short period of isch-
emia were slightly larger than those without ischemia, indicating cellular swelling after 
ischemia/anoxia. ECS were also abundant around synaptic terminals, which were totally or 
partially covered with glial processes, and the ECS sizes of opened (not covered with glial 
processes) and enclosed (covered with glial processes) synapses are estimated to be similar. 
These fi ndings indicate that IVCT is useful to analyze ECS morphology in the central ner-
vous system. The abundant ECS would allow morphological changes of neuronal and glial 
cells involved in dynamic remodeling and signal transduction of synapses.  

  Keywords  

  Swelling   •   Asphyxia   •   Synaptic cleft   •   Glial process  

33.1         Introduction 

 Ultrastructural analyses of the CNS using the common meth-
ods, such as  chemical fi xation  ,  dehydration   with  organic sol-
vent  , and  cryofi xation  , have often been affected by  artifacts   

caused by  anoxia   during the sample preparation [ 1 ,  2 ]. Various 
steps in chemical fi xation methods can cause artifi cial changes 
to the resultant ultrastructural images [ 3 ,  2 ]. Since “ in vivo 
cryotechnique  ” (IVCT) is a method which directly cryofi x tar-
get organs in vivo in living animals without tissue resection or 
stopping  blood    circulation   [ 4 ], IVCT was applied to ultra-
structural analyses of the mouse  cerebellar cortex   with partic-
ular emphasis on the  extracellular space   s   (ECS).  

33.2     Morphological Comparison Among 
IVCT and Conventional Methods 

 To perform IVCT, anesthetized mice were immobilized on a 
mouse-head stereotactic apparatus, and the skull was partly 
removed with a dental drill to expose  cerebellum   without 
damage to brain tissues. Thereafter, “ in vivo cryoapparatu   s  ” 
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was used to perform IVCT [ 5 ], and acetone containing 1 % 
 osmium tetroxide   was used for the  freeze-substitution   of fro-
zen tissues. The embedded specimens were fi rst evaluated 
with a light microscope and  toluidine blue   staining, and then 
their ultrathin sections were stained and observed with a 
 transmission electron microscope   [ 6 ]. 

 Light microscopic observation with IVCT shows relatively 
strong  toluidine blue   staining near the tissue surface cut with 
the  cryoknife   and contacted directly with the  isopentane  - 
propane   cryogen   in mouse cerebellar tissues [ 6 ]. No visible  ice 
crystal   s   were observed near the cryo-cut surface at a higher 
magnifi cation. The morphology near the surface of specimens 
prepared with IVCT appeared similar to those prepared with 
 perfusion   fi xation followed by  dehydration   (PF-DH) at the 
light microscopic level. At the electron microscopic level, 
intercellular ultrastructures of the molecular layers were well 
maintained with IVCT near the surface cut with the cryoknife 
[ 6 ]. Among cellular profi les and synaptic clefts in molecular 
layers, ECS could be clearly detected at higher magnifi cation 
(Fig.  33.1 ). The open ECS were directly surrounding some 
synaptic clefts. The density of the cellular profi les was rela-
tively homogenous, as reported previously [ 7 ]. With conven-
tional PF-DH, to the contrary, ECS were largely lost, and glial 
and neuronal processes compactly surrounded synaptic clefts.

   Electron microscopic images of  cerebellar cortex   obtained 
by  quick-freezing   of fresh resected tissues followed by  freeze-
substitution   (FQF) refl ect the effect of  anoxia   for a few min-

utes, because the tissue specimens of the  cerebellum   had to be 
resected from the anesthetized mice before the  cryofi xation  . 
Few open ECS were detected in the cerebellar tissues prepared 
with FQF, although in mouse cerebellum prepared with the 
IVCT, widely open ECS could be observed among cellular 
profi les in the molecular layers (Fig.  33.1 ) [ 6 ]. The open ECS 
were also maintained around processes and soma of  Purkinje 
cell   s   in Purkinje cell layers (Fig.  33.1 ). Ischemia for 30 s still 
remains the open ECS, whereas  ischemia   for 8 min eliminated 
the open ECS [ 6 ]. IVCT without ischemia also suggested that 
the size of ECS could vary depending on the area in the molec-
ular layers, since the ECS sizes among cellular profi les ranged 
from as large as a few hundred to <10 nm 2  and the percent area 
occupied by ECS ranged from 8 to 28 % [ 6 ]. Previous studies 
indicated that ECS occupies about 10–20 % of CNS tissues, 
although direct observation by  electron microscopy   has been 
diffi cult. The diffi culty is attributable to  technical artifact   s   
caused during conventional  chemical fi xation   or  asphyxia   of 
tissue resection prior to resected tissues followed by quick-
freezing [ 2 ,  8 ]. The asphyxia before completion of chemical 
fi xation can cause the morphological changes through move-
ment of extracellular fl uid and electrolytes into intracellular 
compartments [ 9 ], although even larger molecules may easily 
enter the intracellular compartment via  gap junction   hemi-
channels during ischemia/anoxia [ 10 ]. When the cellular pro-
cesses in molecular layers of mouse cerebellum were examined 
in tissue specimens prepared with IVCT or FQF, not only sev-

  Fig. 33.1    Electron micrographs of molecular layers ( a ,  b ) or  Purkinje 
cell   layers ( c ) in mouse  cerebellar cortex   prepared by the “ in vivo cryo-
technique  ” without  ischemia   (IVCT;  a ,  c ) or  quick-freezing   of fresh 
tissues (FQF;  b ) show that a number of open  extracellular space   s   ( a ,  c ; 
 arrowheads ) are seen among the parallel fi bers ( a ;  inset ,  asterisks ) and 

dendrites ( a , De) or cell bodies ( c , Pu) of  Purkinje cells  . In the cerebel-
lar specimens prepared with FQF ( b ), few open extracellular spaces are 
observed among the parallel fi bers ( b ,  asterisks ).  Bars , 500 nm in ( a ) 
and ( b ); 1 μm in ( c ). (The fi gure is adapted from Ohno et al. [ 6 ])       

 

N. Ohno et al.



177

eral minutes of anoxia but also even 30 s of ischemia can 
increase the size of parallel fi bers [ 6 ]. The rapid changes in the 
size of  Bergmann glia  l fi bers as well as neuropils support the 
rapid translocation of various extracellular components. IVCT 
would provide novel information about ultrastructural vari-
ance within molecular layers of the cerebellar cortex which 
was indicated in previous studies using conventional chemical 
fi xation and  dehydration   methods [ 11 – 13 ]. 

 ECS occupied considerable areas in molecular and 
 Purkinje cell   layers of the mouse  cerebellar cortex  , but the 
size of ECS appeared variable [ 6 ]. The ECS and their heter-
ogenous  distribution   were also proposed in other ultrastruc-
tural studies using conventional  quick-freezing   and 
 freeze-substitution   or diffusion analyses [ 1 ,  7 ,  14 ]. The fi nd-
ings are also compatible with the simulation analyses of 
in vivo molecular diffusion, indicating that abundant extra-
cellular matrices affect the probe’s diffusion, and ECS of rat 
cerebral cortex was similar to fl uid-fi lled pores sized about 
38–64 nm [ 15 ,  16 ]. Indeed, abundant meshwork structures in 
the remaining ECS could be observed in mouse cerebellar 
tissues with the  quick-freezing and deep-etching method   
after  perfusion   fi xation [ 6 ]. Combination of IVCT with the 
diffusion analysis, by which ECS in living animals can be 
examined under anesthesia [ 14 ], will be one feasible 
approach for further analyses of ECS. Roles of widely open 
ECS in living mice may include dynamic remodeling of the 
cerebellar cortex morphology, such as enlargement of den-
dritic spine or extension of cellular processes [ 17 ,  18 ].  

33.3     Synaptic Clefts, Open ECS, 
and Surrounding Glial Processes 

 In specimens prepared with IVCT, many  synapses   in molecular 
layers of  cerebellar cortex   were detected between parallel fi bers 
and  Purkinje cell   dendrites (Fig.  33.1 ). About 45 % of the syn-

aptic clefts appeared directly exposed to the open ECS 
(Fig.  33.2 ) [ 6 ]. The other synaptic clefts were completely or 
partially surrounded with closely apposed glial sheaths 
(Fig.  33.2 ). The open ECS around this type of synapses was 
observed outside of the glial sheath (Fig.  33.2 ). When (1) the 
length between the presynaptic active zones and surrounding 
cellular profi les in synapses open to ECS and (2) the shortest 
length between synaptic clefts and nearest cellular profi les other 
than surrounding glial sheaths in the synapses enclosed by glial 
processes were measured, the lengths obtained in opened or 
enclosed synapses were not signifi cantly different [ 6 ].

    Bergmann glia  l fi bers covered most dendritic spines bear-
ing  synapses   [ 19 ]. However, many synapses would be, at least 
partially, exposed to the open ECS in the molecular layers. 
Since the mean size of perisynaptic ECS was not signifi cantly 
different between opened and enclosed synapses, the glial 
processes may extend or retract through the perisynaptic ECS 
to ensheath synapses transiently. Structural development, 
remodeling, and maintenance of synapses are modulated by 
glial cells affecting synaptic transmission [ 20 ]. The glial 
functions on synapses could be infl uenced by the perisynaptic 
processes of glia, which change dynamically in response to 
the synaptic activities [ 21 ,  22 ]. Structural support to the 
dynamic glial process may be provided by the perisynaptic 
ECS. The variable sizes of perisynaptic ECS and synaptic 
ensheathment by glial processes may provide diverse contri-
butions of glia to the signal transduction through synapses.  

33.4     Concluding Remarks 

 Widely open ECS, which include those around  synapses   
and would be involved in the dynamic morphogenesis of 
neuronal and glial cells, were clearly detected in the 
mouse  cerebellar cortex   by IVCT. As IVCT prevents the 
asphyxial changes inevitably induced by conventional 

  Fig. 33.2    Electron micrographs of synaptic clefts in molecular lay-
ers of mouse  cerebellar cortex   prepared with the “ in vivo cryotech-
nique  ” show that some synaptic clefts ( a ,  arrowheads ) are exposed to 
the open ECS ( b ,  c ;  asterisks ), whereas the other synaptic clefts are 

not exposed and totally or partially enclosed with glial sheaths ( d , 
 arrowheads ). Open  extracellular space   s   (ECS) are located outside of 
the glial sheaths ( d ,  asterisks ).  Bars , 500 nm. (The fi gure was adapted 
from Ohno et al. [ 6 ])       
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methods of preparation, IVCT will become one of the use-
ful morphological approaches to examine the CNS of liv-
ing animals under various physiological and experimental 
conditions.     
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Overview on Recent Applications 
of In Vivo Cryotechnique 
in Neurosciences

Nobuhiko Ohno, Nobuo Terada, Yurika Saitoh, 
and Shinichi Ohno

Abstract

When tissue specimens are prepared for microscopic observation, commonly used methods 
using chemical fixatives and dehydration can yield artifacts in morphology and molecular 
distribution. Conventional quick-freezing and high-pressure freezing methods, where spec-

imens are cryofixed after resection, can also cause artifacts due to anoxia and ischemia, and 
only dead morphological states without blood circulation can be observed with these meth-
ods. By contrast, all cells and tissues in animal bodies can be cryofixed in situ by “in vivo 
cryotechnique” (IVCT), which prevents these artifacts caused following removal of target 
tissues. In the central nervous system, distribution of small molecules, dynamic changes of 
signaling proteins, ultrastructures of extracellular space, and blood–brain barrier integrity 
have been examined using IVCT. To acquire novel information in cryofixed tissues, new 
imaging methods including Raman microscopy were combined with IVCT. New approaches 
to observe “living” states in the nervous system will be possible with IVCT.

Keywords
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34.1  Introduction

Functional aspects are reflected in the structures of cells and 
tissues in living animal organs. A widely used method for 
structural analyses has been the microscopic analyses. 
Recently, there was dramatic progress in technology of light 
microscopy. Dynamic signal molecules and their interactions 

can be visualized in living cells and animals by the fluores-
cence imaging. “In vivocryotechnique (IVCT)” has been 
used to observe dynamic structures and molecular localiza-
tion in living animal organs at light and electron microscopic 
levels [1]. Cryobiopsy has been also developed for clinical 
application. Here, technical aspects of IVCT and recent find-
ings obtained by IVCT in the field of neurosciences will be 
reviewed.

34.2  Problems of Conventional 
Preparation Methods

Chemical fixation, dehydration, embedding, sectioning, and 
dye or metal staining steps have been widely used for animal 
nervous system to examine morphology at the light and elec-
tron microscopic levels. Artifacts affecting the final struc-
tures are caused during these tissue preparation steps [2, 3]. 
Perfusion or immersion with chemical fixatives, such as 
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paraformaldehyde, glutaraldehyde, and osmium tetroxide, is 
 commonly used for chemical fixation steps [4]. Molecular 
movement and/or structural changes are one of the problems 
caused during the chemical fixation [3]. In addition, there is 
a limitation of chemical fixation to preserve transient or 
dynamic morphology, since there are time intervals before 
completion of fixation [5]. Subsequent alcohol dehydration 
steps cause tissue shrinkage [6, 7]. One of the alternative 
approaches to reduce such artifacts is the cryofixation 
method.

The cryofixation is one of the physical fixation methods 
and embeds tissues in vitrified ice [8]. Various methods for 
cryofixation have been developed to meet the requirement. 
Major methods include the so-called slamming quick- 
freezing or the plunging quick-freezing methods, where 
resected tissues are quickly frozen by slamming onto pre-
cooled metal blocks or plunging into precooled liquid cryo-
gens. In high-pressure freezing, tissues are cryofixed under 

very high pressures, and vitrification in relatively broad tis-
sue areas can be achieved. After the cryofixation, many prep-
aration methods can be used, including the freeze-substitution 
(FS) [5, 9]. Although cryofixation methods can reduce the 
artifacts and preservation of better morphology [8], it is nec-
essary to collect tissues out from living animal organs in the 
conventional quick-freezing methods, and morphology and 
molecular distribution can be influenced by loss of blood 
supply and ischemia/anoxia [10, 11].

34.3  Development of In Vivo 
Cryotechnique and Cryobiopsy

Living animal organs can be directly cryofixed in vivo by the 
IVCT without tissue resection. Blood circulation of living tis-
sues can be maintained by IVCT until the moment of cryo-
fixation, and the artifacts caused by ischemia or anoxia can be 
minimized [12]. Additional merit of cryofixation is achieve-
ment of high time resolution [8]. After IVCT, many prepara-
tion procedures are available, as in the cases of the other 
cryofixation methods. The antigen retrieval procedures can be 
omitted in the specimens prepared with cryotechniques [13].

One of a few drawbacks in IVCT is that well-frozen areas 
are restricted to less than 10 μm depth from the surface of the 
tissues at an electron microscopic level [11, 14–17]. Due to 
the low spatial resolution at the light microscopic level, the 
width of the areas without visible ice crystals is about a few 
hundred micrometers deep from the surface [12, 13]. Another 
drawback of IVCT is that exposure of the target organs in liv-
ing animals is necessary to pour the cryogen directly onto the 
organs and minimize formation of observable ice crystals.

Although ultrastructural analyses were the initial appli-
cation of IVCT, IVCT has been also applied to many light 

microscopic studies [18]. However, cryogen is poured over 
the animal bodies; it is difficult to obtain serial specimens 
from single animals with IVCT. In “cryobiopsy,” serial tis-
sue samples can be pinched off from single anesthetized 
animals with precooled cryobiopsy forceps (−196 °C). Most 
methods for preparation of frozen tissues are possible in the 
following preparation for these biopsied tissues [18, 19]. In 
the following section, the four aspects of IVCT will be dis-
cussed with particular emphasis on recent application of 
IVCT to the neuroscience fields, including (1) brain mor-
phology without ischemic/anoxicartifacts, (2) molecular 
localization in combination with new bioimaging tech-
niques, (3) localization of soluble molecule, and (4) rapidly 
altering signal proteins.

34.4  Brain Morphology Without Ischemic/
Anoxic Artifacts

Asphyxia following tissue resection or during chemical fixa-
tion causes the entrance of extracellular water and electro-
lytes into the intracellular compartment and decreases 
extracellular spaces [20–22]. To overcome this problem, 
ultrastructures of mouse cerebellar cortex were analyzed 
with IVCT [23]. With IVCT, large extracellular spaces could 
be observed, and these spaces in molecular and Purkinje cell 
layers are distributed among cellular profiles and synaptic 
clefts in mouse cerebellar cortex. The large extracellular 
spaces were maintained with IVCT after 30 s ischemia, but 
mostly diminished with IVCT after 8 min of ischemia or 
with the conventional quick-freezingmethod. The extracel-
lular spaces were abundant around some synaptic clefts, 
whereas other synaptic clefts were totally or partially cov-
ered with glial processes [23]. The estimated sizes of extra-
cellular spaces around the open and enclosed synaptic clefts 
were not significantly different, and such extracellular spaces 
presumably support translocation of various extracellular 
components [24]. It was considered that most dendritic 
spines bearing synapses are ensheathed by Bergmann glial 
processes in cerebellar cortex, and more than half of the cir-
cumferential length around the synaptic clefts were covered 
with cytoplasmic sheaths of Bergmann glia [25]. The peri-
synaptic glial processes are considered critical for the glial 
functions related to synapses [26–28]. The glial processes 
around synaptic clefts are considered to extend or retract 
through the perisynaptic extracellular spaces, and the extra-
cellular spaces support the dynamic alterations of glial pro-
cesses. Since cellular profiles might be swollen during tissue 
preparation steps with conventional preparation methods, a 
careful reevaluation of ultrastructural differences among dif-
ferent areas of molecular layers in the cerebellar cortex may 
be necessary using IVCT.
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34.5  Molecular Localization 
in Combination with New Bioimaging 
Techniques

Novel information about the structures of molecules under 
normal conditions and diseased states can be obtained with 
microscopic approaches, including fluorescent, infrared, and 
Raman microscopy, which can detect the presence of bio-
logical molecules and/or drugs [29]. Raman microscopy can 
visualize different molecular states/structures in biological 
materials [30]. To preserve and observe the distribution and/
or structures of molecules, e.g., proteins, lipids, carbohy-
drates, and vitamins, in living animal nervous system, the 
eyeball tissue sections prepared with IVCT followed by 
freeze-drying were observed under the confocal Raman 
microscopy, and mapping of the Raman spectra was obtained 
[31]. The Raman spectra could be largely classified into four 
patterns, which represented histologically different layers. 

One Raman spectrum corresponded to melanin and distrib-
uted mainly in the choroid and pigment cell layers. Another 
Raman spectrum represented hemoglobin and was obtained 
from the blood vessels in the sclera, whereas another spec-
trum was similar to the purified rhodopsin and distributed in 
the photoreceptor layer. The Raman spectra obtained in the 
freeze-dried samples and control solution samples were sim-
ilar, presumably due to the less altered structures of biomol-
ecules in the freeze-dried specimens. The IVCT was also 
combined with confocal cryo-Raman microscopy, where 
specimens are observed at low temperature (<−150 °C). By 
this approach, oxygen saturation levels of flowing erythro-
cytes in frozen tissue specimens were directly observed [32]. 
From these studies, Raman microscopy can distinguish mul-
tiple components in living bodies, and IVCT can be com-
bined with Raman microscopy to examine distribution and 
structures of biological and chemical components which are 
changing quickly in living animal organs.

34.6  Precise Localization of Soluble 
Molecule

The central nervous system possesses a selective molecular 
barrier between blood vessels and parenchyma, which has 
been called the blood–brain barrier (BBB). BBB plays criti-
cal roles in brain functions and diseases such as neurodegen-
erative disorders [33]. IVCT was used to examine 
extravasation of intrinsic serumsoluble proteins in the previ-
ous study [12]. IVCT followed by FS can minimize diffusion 
and translocation of soluble serum molecules before fixation 
and can clarify the precise distribution of IgG and albumin in 
cerebellar tissues. Under the normal condition, serum IgG 
and albumin were localized exclusively inside the cerebellar 

blood vessels. However, the immunostaining for the serum 
proteins was observed around the blood capillaries in the 
cerebellar parenchyma when the brain tissues were cryofixed 
within a minute after removal. The serum protein diffusion 
through BBB after tissue removal could be attributable to 
leakage of the serum components. Using IVCT, injected 
extrinsic molecules could be successfully detected in multi-
ple organs [19, 34, 35]. IVCT followed by FS is useful to 
examine the extravascular leakage of soluble molecules 
under pathological conditions of animal brains, given that 
serum proteins could not be detected outside blood vessels 
under normal conditions.

IVCT and subsequent FS were also used to examine dis-
tribution of glutamate, which had been controversially 
detected in inner segments of photoreceptors [36]. With 
IVCT, the most intense immunostaining for glutamate was 
observed in the specimens freeze-substituted with acetone 
containing paraformaldehyde and glutaraldehyde. Glutamate 

was clearly observed in the inner segments, outer and inner 
plexiform layers, and ganglion cell layers. In previous stud-
ies in the goldfish [37], cats [38], chickens [39, 40], rats [41], 
and monkeys [41], immersion fixation revealed glutamate 
immunoreactivity in the inner segment of the eyes. When the 
animals were perfused with fixatives, the immunostaining 
for glutamate could not be detected in the inner segment [42, 
43]. Thus, it was suggested that postmortem changes caused 
by ischemia/anoxia might affect distribution of glutamate in 
the inner segment. Since the effect of ischemia/anoxia can be 
minimized by IVCT, the clear glutamate immunoreactivity 
observed with IVCT in the inner segment of photoreceptors 
suggests that the glutamate immunoreactivity is not caused 
by ischemia/axoxia. It was reported that the inner segment 
also contains highly active enzymes related to the glutamate 
metabolism [44, 45]. IVCT will be a powerful tool to exam-
ine living animal nervous system and detect distribution of 
small molecules including glutamate. In addition, concentra-
tions of fixatives such as glutaraldehyde need to be optimized 
to cross-link and retain small molecules and not to hinder the 
antibody binding.

34.7  Rapidly Altering Signal Proteins

Light stimulation rapidly changes molecular structure of 
rhodopsin (Rho) which functions as photoreceptor [46]. Rho 
is phosphorylated at 334Ser, 338Ser, and 343Ser [47], and 
the biochemical analysis suggested that the phosphorylation 
can be caused quickly in response to different light condi-
tions [48]. The alteration of phosphorylated Rho (P-Rho) 
immunoreactivity was examined after the dark adaptation of 
retinas using specific antibodies against P-Rho [49]. Rapid 
changes of Rho and P-Rho under dark adaptation and light 
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illumination were analyzed with IVCT followed by FS in 
living mouse retinas [50]. Immunostaining with anti- 
phosphorylated (334)Ser-Rho (P-Rho334) antibody revealed 
that immunostaining for P-Rho334 was detected in the outer 
segments of mouse retinas, presumably because they were 
exposed to daylight. P-Rho334 immunostaining was com-
pletely disappeared in mouse retinas following 12 h of dark 
adaptation, and exposure to the safety red light after 12 h or 
36 h of dark adaptation did not alter the P-Rho334 immuno-
reactivity. In addition, illumination of visible light for 10 s 
did not increase the immunoreactivity of P-Rho334. 
However, illumination of visible light for 30, 60, and 180 s 
significantly increased P-Rho334 immunoreactivity, and the 
immunoreactivity was similar to the level of that under day-
light condition. In the Rho-phosphorylation steps, phosphor-
ylation of 343Ser in Rho happens the most quickly compared 
with the other 338Ser and 334Ser [48]. In the living mouse 
retina, rapid phosphorylation of P-Rho334 induced within 

10–30 s after light exposure could be revealed by IVCT with 
the higher temporal resolution.

Functional activities of angiotensin II (AT) receptors in 
mouse cerebellum was also analyzed with IVCT [51]. 
Functions of AT are mediated by two seven-transmembrane 
G protein-coupled receptors, type 1 (AT1R) and type 2 
(AT2R) AT receptors [52, 53]. To address distributions and 
activation states of AT receptors in the cerebellum, IVCT 
along with antibodies against N-termini of AT receptors, 
whose conformations could change upon ligand binding, is 
used for immunohistochemical analyses in mouse cerebel-
lum [51]. The immunostaining for AT receptors largely over-
lapped with a Bergmann glia marker, glial fibrillary acidic 
protein (GFAP), in mouse cerebellum. The AT1R immuno-
reactivity was reduced dramatically after ischemia for 5 and 
10 min or exposure to an AT1R antagonist, losartan, in the 
cerebellar cortex. The immunostaining for AT2R was also 
decreased by hypoxia in the cerebellar specimens. These 
results suggest that the rapid alteration of ligant-receptor 
binding in the nervous system of living animals can be visu-
alized by IVCT, and hypoxia may modulate the functions of 
AT receptors in a time-dependent manner in the central ner-
vous system.

34.8  Concluding Remarks

In the cryofixation methods, the abundant extracellular or 
intracellular fluid turns into vitreous ice and keeps all com-
ponents and structures of the living animal organs in situ, 
which can be subsequently analyzed through immunohisto-
chemical or other analytical methods. IVCT directly cryofix 
living animals organs and has been used for different appli-
cations in the nervous system. IVCT is a powerful tool to 

reveal the functional structures closer to “living” states and 
will develop a new field of “living morphology.”
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      Application of “In Vivo Cryotechnique” 
to Immunohistochemical Detection 
of Phosphorylated Rhodopsin in Light- 
Exposed Retina of Living Mouse       

     Nobuo     Terada      ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno   

    Abstract  

  In this chapter, we present time-dependent molecular states of rhodopsin (Rho) phosphory-
lation in mouse retina with “in vivo cryotechnique” (IVCT). Whole eyeballs of living mice 
under various dark- and light-exposure conditions were quickly frozen with isopentane–
propane cryogen cooled down in liquid nitrogen (−196 °C). The frozen whole-mount eye-
balls were freeze-substituted and embedded in paraffi n wax. Deparaffi nized sections were 
immunostained with anti-phosphorylated  334 Ser Rho (P-Rho334) antibody. Immunoreactivity 
of P-Rho334 was specifi cally obtained in the outer segments of mouse retinas exposed to 
daylight, and it was eliminated in the dark-adapted retinas. In the eyeballs exposed to strong 
visible light for 10 s after the dark adaptation, it was not detected. However, after 30, 60, 
and 180 s of visible light exposure, P-Rho334 immunoreactivity was recovered. Thus, 
IVCT revealed the time-dependent changes of the Rho phosphorylation in living mice 
within seconds following exposure to light.  

  Keywords  

  In vivo  cryotechnique     •   Rhodopsin   •   Retina   •   Phosphorylation  

35.1         In Vivo Cryotechnique (IVCT) 

 To capture dynamic change of structures as native states of 
biological materials in  living animal organ   s  , IVCT is a pow-
erful approach [ 1 ,  2 ]. We have reported that the combination 
of IVCT with the following  freeze-substitution   (FS) proce-

dure offers three benefi ts for  immunohistochemistry  : (a) 
improved time resolution of morphology, (b) preservation of 
immunohistochemical antigens, and (c) enhancement of spe-
cifi c immunoreactivity [ 3 ,  4 ]. One of the benefi ts, improved 
time resolution, was originally demonstrated in a previous 
study with observation of the living mouse  renal glomerulu   s   
[ 1 ]. In that study, dynamically changing ultrastructures of 
glomerular  basement membrane   s   and slit diaphragms 
between  blood    capillaries   and Bowman’s spaces, depending 
on  various hemodynamic condition   s  , were examined in 
detail by IVCT in combination with the  deep-etching   or FS 
method for light or  electron microscopy   [ 1 ]. The idea that 
IVCT directly captured such time-dependent morphological 
events was also confi rmed by the cases of immunostaining 
 soluble protein  s in the mouse  cerebellum   [ 5 ] and injection of 
fl uoroprobe-conjugated proteins into living mice, as imme-
diately prepared by IVCT [ 6 ].  
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35.2      Rhodopsin   Phosphorylation 

  Rhodopsin   (Rho) is a  photoreceptor   quickly changing its 
molecular structure by light stimulation [ 7 ]. An active form 
of Rho is further inactivated by two sequential processes: 
fi rst the Rho  phosphorylation   and then the binding of arrestin 
to the Rho [ 8 ,  9 ]. During these processes, Rho phosphoryla-
tion in  334 Ser,  338 Ser, and  343 Ser near the carboxyl terminus 
[ 10 ] is considered to play a general role in a broader light 
spectrum for visual functions, ranging from the ability of 
rods to generate reproducible electrical responses to the 
other to adapt themselves to substantial darkness after  light 
exposure   [ 11 ]. Therefore, Rho phosphorylation has provided 
an example of the ubiquitous regulatory pattern of specifi c 
kinases downregulating the activity of G protein-coupled 
receptors [ 12 ]. 

 Concerning timing of the Rho  phosphorylation   after  light 
exposure  , according to the biochemical analysis with mass 
spectrometry, the phosphorylation reaction is started more 
quickly to accommodate itself to various light conditions by 
the quick treatment of resected mouse retinas [ 13 ]. However, 
it has not been directly visualized by routine  immunohisto-
chemistry   of conventionally prepared tissues [ 14 ]. Several 

specifi c  antibodies   against major phosphorylated  rhodopsin   
(P-Rho) molecules were produced and well characterized by 
immunological analyses [ 15 ]. In the present chapter, we dem-
onstrate application of IVCT to immunohistochemical proce-
dure for examining time-dependent  molecular change   s   of 
Rho to P-Rho under various light-illumination conditions in 
living mouse retinas, as depicted in Fig.  35.1a . Precise meth-
ods and results have been reported in the previous paper [ 16 ].

35.3        IVCT of Mouse Eyeballs Under Various 
Illumination Conditions 

 IVCT was performed against left  eyeballs   of mice under 
deep chloroform anesthesia, which were kept under different 
illumination conditions (Fig.  35.1b ). To treat the eyeballs 
more easily than those in the previous cornea experiment 
with IVCT [ 17 – 19 ], palpebral skins were slightly cut around 
them. The eyeballs were then immediately frozen in vivo by 
pouring  liquid isopentane  –propane cryogen (−193 °C), 
which was cooled in liquid nitrogen just before pouring [ 1 , 
 17 – 19 ]. For complete darkness, after the 12-h dark adapta-
tion, the IVCT was performed under infrared light by directly 

  Fig. 35.1    ( a ) Flow chart of procedure with IVCT and FS for immuno-
histochemical detection of phosphorylated protein. Dynamically 
changing molecule under  phosphorylation   is immediately immobilized 
with IVCT. ( b ) Schematic representation of IVCT for  eyeballs   of living 
mouse. ( c ,  d ) HE staining ( c ) and immunostaining for phosphorylated 
 rhodopsin   ( d ) in mouse  retina   with IVCT.  ON  outer nuclear layer,  RC  
rod and cone  photoreceptor   cell layer.  Rhodopsin   is immunostained in 

outer segment ( arrows  in  c ,  d ) but not in  inner segment   ( asterisks  in  c , 
 d ). ( e ) Schematic representation of protocol ( left lane ) and light micro-
graphs of DIC ( middle lane ) and phosphorylated rhodopsin immunos-
taining ( right lane ) images of retinas exposed to strong light for 10, 30, 
60 and 180 s after the dark adaptation.  Arrows  indicate  rod and cone 
layer  s (RC).  PE  pigment epithelium,  Ch  choroids. Precise data have 
been reported in the previous paper (Terada et al. [ 16 ]).  Bars  20 μm       
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observing the mice with an  infrared camera   (Fig.  35.1b ). For 
the condition under the safety red light, IVCT was performed 
under the light shielded by a red-color plate for 2 min after 
the dark adaptation. To obtain light-illuminated mouse reti-
nas, the dark-adapted eyeballs were continuously illumi-
nated with a fl ashlight for 10, 30, 60, and 180 s before 
performing IVCT. They were then immediately frozen in a 
similar way with the  liquid cryogen   and maintained in liquid 
nitrogen at a  low temperature  . Frozen eyeballs were fi nally 
removed with a pair of nippers in the liquid nitrogen and then 
processed for the next freeze-substitution step.  

35.4     Immunoreactivity of P-Rho in IVCT 
Retina Under Various Illumination 
Conditions 

 In the  eyeballs   prepared with IVCT the eyeballs were always 
frozen from the scleral outside with the poured cryogen, and 
so the  rod and cone layer   was well preserved at a light micro-
scopic level (Fig.  35.1c ). Under daylight condition, the rod 
and cone layer was specifi cally immunostained with the anti-
P- Rho334  antibody   (Fig.  35.1d ). 

 P-Rho334 immunoreactivity was completely eliminated 
after the dark adaptation. In the living animal  retina  ,  photo-
transduction   has been thought to proceed in time courses of 
milliseconds to seconds [ 7 ]. Whereas the P-Rho334 immu-
noreactivity was not detected in the living mouse retina after 
the 10-s  light exposure   (Fig.  35.1e ), it was defi nitely recov-
ered in retinas exposed to visible light for 30 s and more (60 
and 180 s) (Fig.  35.1e ).  

35.5     Concluding Remarks 

 IVCT revealed that  334 Ser  rhodopsin   in retinal tissues of liv-
ing mice is generally phosphorylated between 10 and 30 s 
after visible light stimulation.     
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      Application of “In Vivo Cryotechnique” 
to Immunohistochemical Detection 
of Glutamate in Mouse Retina Inner 
Segment of Photoreceptors       

     Nobuo     Terada      ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno   

    Abstract  

  In vivo cryotechnique (IVCT) followed by freeze substitution (FS) enabled us to analyze 
the cells and tissues refl ecting living states. In this chapter, we present immunolocalization 
of glutamate (Glu) in the inner segment (IS) of photoreceptors in the mouse retina with 
IVCT, which was controversial with conventional fi xation methods. Eyeballs from anesthe-
tized mice were directly frozen using IVCT and processed for FS fi xation in acetone con-
taining chemical fi xatives and embedded in paraffi n. Deparaffi nized sections were 
immunostained with an anti-Glu antibody. Strong Glu immunoreactivity was obtained in 
the specimens prepared by FS with a low concentration of glutaraldehyde, whereas no Glu 
immunoreactivity was obtained without the chemical fi xatives. Thus, it became clear that 
Glu was immunolocalized in the IS, probably refl ecting living states.  

  Keywords  

  In vivo  cryotechnique     •   Glutamate   •   Retina   •   Freeze substitution  

36.1         Examination of Distribution of Amino 
Acid in the Retina with In Vivo 
Cryotechnique (IVCT) 

 Owing to a technical  diffusion artifact   and/or antigen masking 
in  paraffi n  -embedded tissue sections of  eyeballs   prepared by 
 perfusion    fi xation   and  alcohol dehydration  , it has been diffi -
cult to obtain stable immunoreactivity (IR) of an amino acid, 

 glutamate   (Glu) (Fig.  36.1c, d ). Bioassay measurement of cul-
tured  photoreceptor   cells from the guinea pig  retina   indicated 
production of Glu in mitochondria in the  inner segment   (IS) of 
 photoreceptors   [ 1 ,  2 ]. Several enzymes for Glu  metabolism  , 
including Glu dehydrogenase, phosphate- activated glutamin-
ase, aspartate aminotransferase, and ornithine aminotransfer-
ase, were already reported to have a high level of activity in 
the IS [ 3 ,  4 ]. With immunohistochemical approaches, in some 
cases, enucleated eyes of the goldfi sh [ 5 ], cat [ 6 ], chicken [ 7 , 
 8 ], rat [ 9 ], and monkey [ 10 ] were fi xed by  immersion fi xation  , 
resulting in positive Glu-IR in the IS. On the other hand, the 
fact that Glu-IR in the IS was not detected by perfusion fi xa-
tion [ 11 ,  12 ] caused conclusion that the localization and/or 
expression of Glu was probably due to postmortem changes 
induced by  ischemia  . Glu-IR has been reported to be artifi -
cially changed by some  chemical fi xation   procedures.

   To overcome such contradictory results, application of 
IVCT was assumed to be useful [ 13 ]. By using common 
 freeze-substitution   (FS)  fi xation   for specimens with IVCT, 
immunohistochemical merit of locating  soluble serum pro-
tein   s   in living animal tissues was demonstrated [ 14 – 17 ]. 
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Moreover, IVCT also enabled us to visualize rapid changes 
within seconds in living animal bodies, such as molecular 
conformation of  rhodopsin    phosphorylation   in the living 
mouse  retina   [ 18 ]. In this chapter, we focused on the Glu 
 immunolocalization   in the IS of  eyeballs   prepared with 
IVCT-FS. Precise methods and results have been reported in 
the previous paper [ 19 ].  

36.2     Immunolocalization of Glu in Retinas 
with IVCT 

 Under anesthesia, IVCT was performed on the left  eyeballs   
with natural light coming through windows, by pouring  liq-
uid isopentane  -propane cryogen (−193 °C) cooled in liquid 
nitrogen. Morphology for the  eyeball   tissues with IVCT-FS 
was evaluated by HE staining and differential interference 
contrast images (Fig.  36.1a ), and the rod and cone  photore-
ceptors   were observed as well-preserved areas without obvi-
ous  ice crystal   s   at the light microscopic level. 

 The Glu-IR was obtained in thin sections of the  eyeball   
specimens with IVCT followed by FS. The Glu was immu-
nolocalized in the IS, outer and inner plexiform layers, and 
ganglion cell layer (Fig.  36.1b ). The level of Glu has been 
reported to be highly detected in a subpopulation of ama-
crine cells and ganglion cells [ 20 ,  21 ]. However, the Glu was 

dispersively immunolocalized in the inner and outer plexi-
form layers and ganglion cell layer in the tissues with 
IVCT-FS. This was probably due to the distance from the 
initial frozen surface causing larger  ice crystal    formation  . 
When  photoreceptor   cell layers were obliquely sectioned, 
Glu-IR was observed as tiny dot patterns, indicating that the 
Glu immunostaining was inside the photoreceptor cells. 
From these results, Glu was assumed to localize in the IS.  

36.3     Effect of Glutaraldehyde During FS 

 Without  glutaraldehyde  , Glu-IR was not obtained 
(Fig.  36.1f ). To examine whether  bovine serum albumin   
(BSA) is effective as a carrier or blocking protein for the fol-
lowing primary  antibody   reaction, sections were treated with 
fi sh gelatin, which was expected to effectively inhibit non-
specifi c binding of the  antibodies  , before the primary anti- 
Glu antibody incubation. In sections of the specimen 
prepared with IVCT followed by FS without  chemical fi xa-
tive   s  , Glu-IR was not obtained with the fi sh gelatin pretreat-
ment. In contrast, the Glu-IR was clearly detected with the 
fi sh gelatin pretreatment in sections of the specimen  prepared 
with IVCT followed by FS with glutaraldehyde. Thus, BSA 
is probably effective as a blocking reagent, and it became 
clear that the  paraffi n   sections of the retinal specimens with 

  Fig. 36.1    ( a – f ) Differential 
interference contrast (DIC;  a ,  c ,  e ) and 
the  glutamate   immunostaining (Glu;  b , 
 d ,  f ) images of the  eyeball   tissue 
sections with IVCT followed by FS 
with ( a ,  b ) or without ( e ,  f ) 
 glutaraldehyde   or with  perfusion   
 fi xation   followed by  alcohol 
dehydration   ( c ,  d ). Note that pigment 
epithelial layer ( PE ) is detached 
( asteriskes  in  c ,  d ) and little 
immunostaining of glutamete ( arrow  in 
 d ).  OR  outer plexiform layer,  ON  outer 
nuclear layer,  RC   photoreceptor   cell 
layer,  IS  and  OS  inner and outer 
segments of RC. Precise data have been 
reported in the previous paper (Terada 
et al. [ 19 ]).  Bars , 50 μm       
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IVCT-FS retained many Glu molecules, which can be more 
clearly immunostained by the anti-Glu antibody. 

 It is diffi cult to confi rm how much Glu in tissues was lost 
during the FS step with  chemical fi xative   s   such as  parafor-
maldehyde   and  glutaraldehyde  . We assume that the  immuno-
localization   with IVCT-FS refl ects the original  distribution  . 
If the  diffusion artifact   of Glu had strongly appeared, Glu 
immunolocalization would have been distributed in much 
wider areas, such as the outer segment of  photoreceptors  . 
The intensity of the IR was changed with different concen-
trations of glutaraldehyde. This may be due to alteration of 
cross-linked tissue structures hindering some Glu reactivity 
against BSA and/or  antibodies   in the  paraffi n   sections.  

36.4     Concluding Remarks 

 With IVCT-FS, the IS of  photoreceptors   was clearly immu-
nopositive for Glu. Glu-IR obtained in some restricted areas 
in retinal tissue samples with IVCT probably refl ects the nor-
mal in vivo metabolic conditions of the IS without  anoxia   or 
 ischemia  .     
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of Mouse Sciatic Nerves Under Various 
Stretching Conditions       
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    Abstract  

  In this chapter, we present dynamic structures of peripheral nerve fi bers under various 
stretching conditions and distribution of soluble serum proteins with “in vivo cryotech-
nique” (IVCT). The structures of IVCT-prepared fi bers under the stretched condition 
showed a beaded appearance. By immunostaining for a membrane skeletal protein 4.1G, 
Schmidt-Lanterman incisures (SLIs) were clearly identifi ed, and the heights of their circu-
lar truncated cones were increased at narrow sites of the fi bers under the stretched condi-
tion. Albumin was immunolocalized in blood vessels and the endoneurium including near 
the node of Ranvier. Thus, IVCT revealed structures and accurate immunolocalization of 
serum albumin in the sciatic nerve fi bers, refl ecting living states.  

  Keywords  

   Schmidt-Lanterman incisure   s     •   Albumin   •   Peripheral nervous system   •   Membrane 
skeleton  

37.1         Septate Junctions and Schmidt- 
Lanterman Incisures (SLIs) 
in the Peripheral Nervous 
System (PNS)  

 In paranodes of myelinated  nerve fi ber   s   in the PNS, septate 
junctions between axons and glial processes were reported to 
be comprised of three major adherent molecular compo-
nents, contactin-associated protein (Caspr) and contactin at 
the axonal side as well as neurofascin (NF)-155 at the glial 

side [ 1 ]. These septate junctions have been well documented 
to have a role in preventing functional diffusion of small 
molecules and ions into juxtaparanodes [ 2 ,  3 ]. 

 The SLIs are well known to be funnel-shaped interrup-
tions within the myelin sheaths of  nerve fi ber   s   in the 
PNS. Various adhesion molecules have already been reported 
to be localized at SLIs in order to keep their structure. 
Therefore, considering the fact that SLIs have been demon-
strated to translocate along axon fi bers [ 4 ], they might 
dynamically change their structures in vivo.  
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37.2     In Vivo Cryotechnique (IVCT) 
to Visualize Functions of SLIs 
and Septate Junctions 

 We aimed to capture the dynamic structures of  nerve fi ber   s   
under various  stretching   conditions and to keep  soluble 
serum protein   s   in their tissue sections. However, with con-
ventional preparation methods such as  perfusion   or immer-
sion fi xation, it has been diffi cult to directly capture such 
dynamic  morphofunctional fi nding   s   of nerve fi bers under 
various stretching conditions, refl ecting their  living state   s  . In 
addition, for immunohistochemical analyses,  distribution   of 
soluble  serum   components in living animal tissues is 
 modifi ed by the loss of  blood    circulation   induced by tissue 
resection and artifi cial perfusion fi xation pressures [ 5 ,  6 ]. 

 To avoid such  technical artifact   s   and reveal the dynamic 
characteristics of  living animal organ   s   in tissue sections, 
IVCT was previously developed [ 7 ]. It can directly cryofi x 
living animal organs under normal circulation conditions and 
keep  soluble component   s   which are easily lost by the con-
ventional fi xation methods [ 8 – 10 ]. In particular, dynamic 
changes of living animal organs can be easily captured, such 
as mouse functioning lungs under various respiration condi-
tions [ 11 ,  12 ]. Fixation by IVCT can prevent axon  shrinkage   
so that the fi ne structure of the nerves could be examined 
[ 13 ]. In this chapter, we present applications of IVCT to liv-
ing mouse sciatic nerves under various  stretching   conditions 
to examine their morphological changes and immunolocal-
izations of  serum    protein   s   (Fig.  37.1a ). Precise materials and 
methods have been reported in the previous paper [ 14 ].

  Fig. 37.1    ( a ) A schematic drawing of “ in vivo cryotechnique  ” (IVCT) 
for living mouse sciatic nerves under various  stretching   conditions. A 
sciatic nerve of an anesthetized mouse is exposed, and its thigh is manu-
ally stretched. Liquid  isopentane  -propane  cryogen   (−193 °C) precooled 
in liquid nitrogen is then directly poured over the sciatic nerve. ( b – g ) 
Light microscopic ( b – e ) and  confocal laser   scanning microscopic ( f ,  g ) 
images of mouse sciatic nerves with IVCT ( b ,  c ,  f ) or  perfusion   fi xation 
and alcohol  dehydration   method (PF-AD;  d ,  e ,  g ), stained with HE ( b , 
 d ) or immunostained for  albumin   ( c ,  e ). By reconstruction of the optical 

sections, optimal  three-dimensional image   s   are obtained (3D;  f ,  g ). 
 Blue , nerve shapes with autofl uorescence under UV;  Red , albumin 
 immunolocalization  . With IVCT, albumin is immunolocalized in  blood   
 vessel   s   and the  endoneurium   ( black arrowheads  in  c ,  f ). In the  node of 
Ranvier   ( white arrowheads  in  c ,  f ), it is not immunolocalized inside the 
axon. With PF-AD, the albumin immunolocalization is observed heter-
ogeneously in the endoneurium ( black arrowheads  in e, g) and inside 
the axons of some  nerve fi ber   s   ( blue arrowheads  in e, g). Precise data 
are reported in the previous paper (Kamijo et al. [ 14 ])       
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37.3        Immunolocalization of Albumin 
in Sciatic Nerve Fibers with IVCT 

 IVCT and  freeze-substitution    fi xation   (FS) have the immuno-
histochemical merit of keeping  soluble protein  s of  living ani-
mal organ   s   in  paraffi n  -embedded tissue sections [ 5 ,  9 ]. The 
 serum    albumin    distribution   in sciatic  nerve fi ber   s   and the 
structures of nerve fi bers could be examined by  immunohis-
tochemistry   (Fig.  37.1b, c ), and the  three-dimensional (3D) 
image   of the  albumin   immunolocalizations was demonstrated 
by  confocal laser   scanning  microscopy   (CLSM) (Fig.  37.1f ). 
Using autofl uorescence signals with ultraviolet (UV) emis-
sion, nerve contour shapes were easily demonstrated (blue in 
Fig.  37.1f ). The albumin  immunolocalization   was recognized 
with Alexa Fluor 594-conjugated secondary  antibody   (red in 
Fig.  37.1f ). The albumin was immunolocalized in  blood    ves-
sel   s   and the  endoneurium   (black arrowheads in Fig.  37.1c, f ). 
In the  node of Ranvier   (white arrowheads in Fig.  37.1c, f ), it 
was not immunolocalized inside the axon. 

 In sciatic nerves with  perfusion   fi xation and alcohol  dehy-
dration   (PF-AD),  albumin   was heterogeneously immunolo-
calized in the  endoneurium   (black arrowheads in Fig.  37.1d, 
e, g ) and also inside the axons of some  nerve fi ber   s   (blue 
arrowheads in Fig.  37.1  d, e, g).  

37.4     Structures of SLIs in Stretched 
and Non-stretched Sciatic Nerves 
with IVCT 

 The structures of  nerve fi ber   s   under the non-stretched condi-
tion by HE staining were mostly cylindrical (Fig.  37.2a ). A 
 membrane skeletal protein  , 4.1G, was immunolocalized in 
paranodes and SLIs (black arrows in Fig.  37.2b ) [ 15 ].

   When the sciatic nerves were stretched by  mechanical 
force   s   (Fig.  37.1a ), they showed a beaded appearance 
(Fig.  37.2c, d ).  3D image   s   were also obtained with CLSM 
(Fig.  37.2h ). Contour shapes of  nerve fi ber   s   were demon-
strated by autofl uorescence signals with UV excitation (blue 
in Fig.  37.2h ). The SLIs were recognized by the 4.1G  immu-
nolocalization   with Alexa Fluor 594-conjugated secondary 
 antibody   (red in Fig.  37.2h ). The SLIs were found to change 
their structures according to the beaded appearance under the 
stretched condition. Many SLIs were localized at narrow 
sites and transitional regions from narrow to wide areas of 
the beaded appearance. These fi ndings indicate that the SLIs 
probably serve as a bumper structure against mechanical 
forces during the  stretching   period, because the nerve fi bers 
in the PNS are always responding to extension or fl exion of 
joints. 

  Fig. 37.2    Light microscopic ( a – f ) and  confocal laser   scanning micro-
scopic (CLSM) ( h ) images of mouse sciatic nerves under non-stretched 
condition ( a ,  b ) and stretched condition ( c ,  d ,  h ) with IVCT or PF-AD 
( e ,  f ), stained with HE ( a ,  c ,  e ) or immunostained for a  membrane skel-
etal protein  , 4.1G ( b ,  d ,  f ). Under the non-stretched condition, in cylin-
drical  nerve fi ber   s   ( a ), 4.1G is immunolocalized in  Schmidt-Lanterman 
incisure   s   (SLIs:  black arrows  in  b ). Under the stretched condition, 
structures of nerve fi bers show a beaded appearance ( c ). 

4.1G-immunostained SLIs are observed in narrow areas and transi-
tional regions from narrow to wide areas of the beaded nerve fi bers 
( black arrows  in  d ,  h ). By reconstruction of the optical sections with 
CLSM,  three-dimensional image   is obtained (3D;  h ). Images in ( g ) 
depict morphological changes of a nerve fi ber including SLIs under 
non-stretched and stretched conditions. By PF-AD, structures of SLIs 
are disrupted ( black arrows  in  e ,  f ). Precise data are reported in the 
previous paper (Kamijo et al. [ 14 ])       
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 With PF-AD, the thighs of mice showed twitching during 
the  perfusion   fi xation, and it was diffi cult to prepare the 
whole length of the sciatic  nerve fi ber   s  . Structures of some 
SLIs with PF-AD were disrupted (black arrows in Fig.  37.2f ), 
as compared with those under the non-stretched condition 
with IVCT (Fig.  37.2a, b ).  

37.5     Concluding Remarks 

 The IVCT is a useful tool to accurately clarify the dynamic 
structures of functioning  nerve fi ber   s   and immunolocaliza-
tions of  serum    albumin  , refl ecting their  living state   s  .     
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      Freeze-Substitution (FS) Fixation 
Method       

     Shinichi     Ohno     

    Abstract  

  Freeze-substitution (FS) is to replace ice crystals with organic solvent containing fi xatives 
and fi nally embed frozen tissue samples in synthetic resin or paraffi n, showing morphology 
of cells and tissues at the time of freezing. This FS fi xation usually leaves frozen tissues in 
the organic solvent with fi xatives maintained below the freezing point. Therefore, cell and 
tissue structures in vivo can be well preserved to show their natural images. In the quick- 
freezing of fresh resected tissues, it is another problem that only the organization of outer 
tissue layers is captured under well-freezing conditions. So, we can distinguish the deeper 
tissue parts which are poorly kept at a slow speed of freezing condition. Moreover, the water 
contents in cells and tissues at well-frozen sites are stored to be as tiny amorphous ice, 
which usually facilitates the penetration of antibodies or probes for immunostaining or 
labeling. The IVCT or cryobiopsy with FS fi xation also keeps soluble proteins in living 
animal organs for immunostaining. As described above, FS fi xation method can maximize 
benefi ts of cryotechniques, which can usually maintain all the material components in the 
amorphous ice. The FS solution is usually organic acetone solvent, which contains 
 paraformaldehyde for light microscopy. For paraffi n-embedded sections, they are routinely 
embedded in paraffi n wax after washing the freeze-substituted samples in pure acetone and 
xylene. In addition, it is possible to prepare serial HE-stained sections for comparison with 
immunoperoxidase or immunofl uorescence staining. For light microscopic immunohisto-
chemistry, immunoreactivities are often increased by tiny ice crystal formation in organ 
tissues, because of better penetration of antibodies.  

  Keywords  

  Freeze-substitution   •   Tiny  ice crystal     •   Organic solvent   •   Immunohistochemistry  
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38.1         Principle and Advantage of FS 

 The FS is the common method of replacing  ice crystal   s   with 
the  organic solvent   containing fi xatives and embedding the 
frozen tissue samples in synthetic resin or  paraffi n  , showing 

 functional morphology   of cells and tissues at the time of 
freezing (Fig.  38.1b, e ). This FS fi xation usually leaves the 
frozen animal organ tissues, containing a lot of body liquid 
in vivo, in the organic solvent with fi xatives maintained 
below the freezing point, because of the physical mechanism 
in which ice crystals can melt in the organic solvent during 
the incubation time. They are then kept in the native state 
which contained all the substances within the  amorphous 
ice   and are simultaneously bridged by the chemical reactions 
of fi xatives during the time of FS. For the common 
 immunostaining of tissue specimens,  paraformaldehyde   or 
 glutaraldehyde   is usually added to this  organic acetone 
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 solvent  . By this FS method, the cell and tissue structures 
in vivo at the time of freezing point can be well preserved to 
show their natural images (Fig.  38.1b–d ) and also compared 
with the conventional morphology with artifi cial modifi cations, 
which is always obtained by the routine  chemical fi xation   at 
room temperature (Fig.  38.1a ).

   In the case of the common  quick-freezing   of fresh resected 
tissues (Fig.  38.1b ), it is another inevitable problem that only 
the organization of outer tissue layers is captured under 
 well- freezing conditions. This is because  ice crystal   s   of the 
animal organ tissue are easily formed at the time of a low-speed 
freezing. Therefore, with the HE-stained tissues of  paraffi n   
sections, we should carefully distinguish the deep tissue 
parts which are poorly kept at a slow speed of freezing 
 condition. In such tissue areas, ice crystal sizes are gradually 
increasing from good areas of the directly contact tissue 
layer under well-freezing conditions to badly frozen tissue 
areas. The nucleoplasm of actively replicated cells with a 
little chromatin condensation in particular appears to easily 
produce lots of ice crystals in comparison with their  cytoplasm. 
Moreover, it is believed that the water contents in cells and 
tissues at well-frozen sites are stored to be physically fi xed as 
tiny  amorphous ice  , then keeping the intermolecular gaps. 
This usually facilitates the  penetration of antibodies   or 
probes at the time of immunostaining or labeling (Fig.  38.2b ). 
When an  organic acetone solvent   is used as  freeze-substitu-
tion   liquid, we should consider another factor which 
improves the  antibody   or probe penetration because of  lipid 
extraction   of intracellular membranous systems (Fig.  38.2 ), 
including cell membranes or nuclear double membranes. On 
the other hand, quick extraction and movement of  soluble 
protein  s always occur by the  quick-freezing technique   of 
fresh excised tissues, because of  anoxia   and  ischemia   
(Fig.  38.1b ). To the contrary, the IVCT or  cryobiopsy   with 
FS fi xation method always keeps soluble proteins in cells and 

tissues of  living animal organ   s   for immunostaining (Figs.  38.1c, 
d  and  38.2 ). As described above, the FS fi xation method can 
maximize the benefi ts of various cryotechniques, which can 
usually maintain all the material components in the amor-
phous ice (Figs.  38.1  and  38.2 ).

38.2        Practical FS Procedures 

 As stated above, the FS fi xation is very useful as a fi xation 
procedure of living animal tissue samples. The FS solution is 
usually the  organic acetone solvent  , which contains  parafor-
maldehyde   at a concentration of 2 % for light  microscopy  . 
The chemical paraformaldehyde powder is fi rst diluted at a 
concentration of 20 % in water, which is added with the 
 common  molecular sieve   to completely remove residual 
water contents. Although solid  osmium tetroxide   crystals are 
directly dissolved in acetone for the conventional morphology 

  Fig. 38.1    A fl ow chart showing a series of conventional preparation procedures ( a ), freezing ( b ),  in vivo cryotechnique   ( c ), and  cryobiopsy   
( d ), followed by freeze-substitution ( e ) and immunostaining ( f ) or immunoelectron microscopy ( g ) for light or electron microscopic observation       

  Fig. 38.2    Some technical merits of the application of cryotechniques 
and the following  freeze-substitution    fi xation   for immunostaining, such 
as molecular preservation ( a ) and penetration of probes ( b )       
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by  electron microscopy  , both  glutaraldehyde   and 
 paraformaldehyde are usually diluted in acetone to be used 
for immunostaining at a light microscopic level after the 
preparation of solution with their higher concentrations. The 
stored frozen tissue samples are taken out of the liquid nitro-
gen (−196 °C) into the FS solution in a container with about 
5 ml capacity cooled with dry ice acetone (about −80 °C). 
Then, it can be sealed at the temperature of dry ice acetone. 
Before moving the frozen samples into the FS solution, we 
should loosen the lid of the container lightly, which can be 
then dipped into liquid nitrogen. Although the liquid nitro-
gen boils at fi rst, while being subsided soon, the FS solution 
in the container begins to freeze from the portion in contact 
with its wall. Then, the container lid is opened, and the fro-
zen tissue samples are transferred into the container. Finally, 
the container lid is tightly closed again, and all of them are 
returned into the dry ice acetone at about −80 °C. The usual 
time required for the FS fi xation is approximately 20–40 h in 
the dry ice acetone at about −80 °C. The sample container 
will be gradually returned to room temperature after the FS 
fi xation. After loosening slightly the lid of container fi rst, the 
tissue samples are kept in a refrigerator (−20 °C) for about 
2 h and then transferred into another refrigerator compart-
ment (4 °C). In about 2 h, they are taken out and left at room 
temperature. The FS-fi xed samples are lightly washed with 
pure acetone three times and embedded in  paraffi n   wax 
through xylene for light microscopy. On the other hand, they 
are sometimes embedded in hydrophilic synthetic resin for 
electron microscopy with immunostaining.  

38.3     Embedding of Samples 
for Immunostaining 

 In this section, we describe how to prepare the freeze- 
substituted tissue samples for light microscopic immunos-
taining. This preparation step has two different procedures, 
as described below. At fi rst, they are directly immersed in 
20–30 %  sucrose   or glycerin solution, after taking out from 
the pure washing acetone, as a simple and easy treatment 
(Fig.  38.1e ). Then, they are embedded in the OCT compound 
for preparing  cryosections   in a cryostat machine (Fig.  38.1f ). 
In this case, because of thick sections for immunostaining 
with fl uorescence-labeled  antibodies  , we usually use optical 
sections by a  confocal laser   scanning  microscope  . In this 
case, a multiple colorful immunostaining is also performed 
by using a few secondary antibodies with different fl uores-
cence wavelengths. Furthermore, a fl uorescence-labeled 
probe is directly injected into  blood    vessel   s   in a living animal 
body, and the IVCT can be instantly performed to get its 
imaging in cryosections after the FS fi xation. 

 In  paraffi n  -embedded sections (Fig.  38.1a ), after washing 
the freeze-substituted samples in pure acetone and also 

xylene (Fig.  38.1e ), they are routinely embedded in paraffi n 
wax. In this case, the permanent sample preparation is usu-
ally possible unlike the frozen  cryosections  , as described 
above. In addition, it is always possible to prepare serial 
HE-stained sections of 4 μm for comparison with immuno-
peroxidase or immunofl uorescence staining with various 
 antibodies   (Fig.  38.1f ). On the other hand, electron micro-
scopic  immunohistochemistry   can be also performed 
(Fig.  38.1g ), which is described in a separate chapter.  

38.4     Signifi cance of Ice Crystal Formation 

 As described with a little comment of the previous sections, 
the inevitable  ice crystal    formation   with the cryotechniques 
is always a basic problem especially for electron microscopic 
observation. However, the ice crystal formation is sometimes 
useful for  immunohistochemistry   at a light microscopic level 
[ 1 ,  2 ]. Many tiny  ice crystals   are usually formed by ice 
expansion of water volume. For light microscopic immuno-
histochemistry, immunoreactivities of many antigens are 
often increased by the ice crystal formation in animal organ 
tissues, because of better  penetration of  antibodies   or probes 
(Fig.  38.2b ) [ 1 ,  2 ]. We have already reported one application 
of the  cryotechnique   to be useful for immunostaining of 
whole-mount mouse cerebellar organs [ 3 ]. By the immuno-
histochemical study for soluble sphingosine kinase in the 
mouse cerebellar tissues, its  immunolocalization   patterns 
were found to be striped in the cerebellar molecular layer on 
 cryosections  . Therefore, by the common  quick-freezing   of 
the chemically fi xed  cerebellum  , the whole-mount organ 
immunostaining was useful for revealing the obvious com-
partmentation of sphingosine kinase in the mouse cerebel-
lum because of tiny ice crystal formation [ 3 ]. 

 Another application of cryotechniques was made for intra-
nuclear immunostaining of  soluble signal molecule   s   in the 
living mouse  cerebellum   [ 2 ]. It has been diffi cult to detect 
such intranuclear soluble antigens, because of double nuclear 
membranes, delicate nucleoskeletons, and compact  materials 
with various proteins and nucleic acids. However, especially 
by the IVCT followed by the FS fi xation, some  intranuclear 
signal molecule   s  , such as  pCREB  , could be clearly 
 immunostained on conventional  paraffi n   sections without any 
retrieval treatments [ 2 ]. The better immunoreactivity of solu-
ble signal molecules to be obtained was extremely important, 
because existence of the immunopositive target cells was 
determined only by their defi nite immunoreaction products 
(Fig.  38.2a ). If the target cells and tissues were not clearly 
immunostained by specifi c  antibodies  , their biological inter-
pretation would be misunderstood from the viewpoint of 
in vivo functioning states. The effective  ice crystal    formation   
with cryotechniques should be kept in mind for some cases of 
the immunohistochemical improvement [ 1 – 3 ].     
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      Cryotechniques and Freeze- 
Substitution for Immunostaining 
of Intranuclear Antigens 
and Fluorescence In Situ Hybridization       

     Nobuhiko     Ohno      ,     Nobuo     Terada    , and     Shinichi     Ohno   

    Abstract  

  Cryofi xation and freeze-substitution (CF-FS) have been a technique to obtain better morpho-
logical data and immunoreactivity at the light and electron microscopic levels. Benefi ts of 
CF-FS have been demonstrated in immunostaining for an intranuclear antigen, phosphory-
lated cAMP-responsive element binding protein (pCREB), and fl uorescence in situ hybrid-
ization (FISH), focusing on the chromosome territory. Compared with the conventional 
dehydration method, the higher immunoreactivity of pCREB was observed without the anti-
gen retrieval treatment on sections prepared with the CF-FS methods. Probe labeling of 
No.18 chromosome territory in human thyroid tissues could be clearly observed on paraffi n 
sections prepared with CF-FS without the microwave treatment, but not on sections prepared 
by the routine immersion fi xation and dehydration method even with microwave treatment. 
The CF-FS method would be a useful technique for intranuclear immunostaining and FISH, 
since it preserves nuclear morphology by preventing shrinkage and achieves better signals.  

  Keywords  

   Quick-freezing     •   Freeze-substitution   •   Antigen retrieval   •    FISH     •   Chromosome territory  

39.1         Introduction 

 In electron microscopic observation,  cryofi xation   and  freeze- 
substitution     (CF-FS) have been widely used to reduce ultra-
structural and immunohistochemical  artifacts  . One of the 
most characteristic features of the CF is prompt molecular 

and structural immobilization, which is diffi cult to be 
achieved by standard  chemical fi xation  . To overcome artifi -
cial changes caused by tissue resection and cessation of 
 blood    circulation  , “in vivo  cryotechnique  ” (IVCT) followed 
by the freeze-substitution (FS), which is one of the method 
utilizing CF, has been developed [ 1 ]. It was important to 
clarify characteristics of CF-FS methods in immunohisto-
chemical studies before CF-FS is widely used for studies 
using light  microscopy  . 

 To clarify benefi ts of CF-FS, the immunoreactivity of an 
 intranuclear antigen  , phosphorylated cAMP-responsive ele-
ment binding protein ( pCREB  ), was examined in C57BL/6 
mouse  cerebellum   [ 2 ]. Various  cryofi xation   methods as well 
as the effect of a routine antigen retrieval treatment,  micro-
wave   irradiation, were analyzed. In addition, a  chromosome 
territory   of surgically resected human thyroid tissues was 
also examined using  FISH   along with CF-FS or the conven-
tional  chemical fi xation   method [ 2 ].  
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39.2     Immunostaining for  pCREB   

 On  paraffi n   sections of mouse  cerebellum   prepared by the 
 chemical fi xation   followed by  dehydration  , the  pCREB   
immunoreactivity was weak without the  microwave   
 treatment [ 2 ]. The antigen retrieval treatment, which was 
microwave irradiation, heterogeneously enhanced the 
pCREB immunoreactivity (Fig.  39.1 ). The pCREB immu-
noreactivity in nuclei was observed in most granule cells, 
some small   neurons     in the molecular layer, and some 
 Purkinje cell   s  . On the other hand, the pCREB immunoreac-
tivity was more clearly detected without the microwave 
treatment on paraffi n sections prepared by the three cryo-
techniques, including (1) “ in vivo cryotechnique  ,” (2)  quick-
freezing   (QF) after chemical fi xation, and (3) quick-freezing 
of freshly resected tumors, all followed by FS (Fig.  39.2 ) 
[ 2 ]. The immunodistribution of pCREB appeared similar on 
the sections prepared by CF-FS and the chemical fi xation-
dehydration with the microwave treatment. However, nuclei 
in the sections prepared with the chemical fi xation-dehydra-
tion method appeared shrunken compared to those prepared 
with CF-FS. Microwave irradiation did not change the 
pCREB immunoreactivity signifi cantly on sections pre-
pared by QF of fresh tissues (Fig.  39.2 ). Microwave treat-
ment was not necessary to obtain clear pCREB 
immunoreactivity on paraffi n sections prepared by QF of 
fresh tissues (Fig.  39.2 ) and “in vivo  cryotechnique  ” of liv-
ing cerebellar tissues [ 2 ].

    Masking and steric hindrance of antigens, presumably 
caused by the molecular  cross-linkage   of compact chroma-
tin components, require antigen retrieval treatment to obtain 
satisfactory immunostaining, particularly when the antigens 
localize within the nuclear compartment or the specimens 
are prepared with common aldehyde fi xatives [ 3 ,  4 ]. 
Microwave irradiation and other antigen retrieval techniques 
have been used, but are not always effective due to incom-
pletely identifi ed factors [ 5 – 8 ]. In addition, achieving full 
and constant retrieval effects can be diffi cult even under the 
same condition [ 7 ,  9 ,  10 ]. On the other hand, by using the 
cryotechniques, the  pCREB   immunoreactivity could be 
constantly enhanced [ 2 ]. Since  microwave   treatment did not 
further increase the pCREB immunoreactivity in specimens 
prepared with CF-FS, a similar mechanism may underlie in 
the antigenicity enhancement effects of CF and microwave 
treatment. Loosening the cross-linked proteins and increas-
ing the  penetration of antibodies   are the possible mecha-
nisms explaining the effect of the microwave antigen 
retrieval [ 7 ]. The immunoreactivity enhancement achieved 
by CF-FS would be attributable to the better preservation of 
immunoreactivity as well as exposure of hindered antigenic-
ity. Tiny intracellular  ice crystal   s  , not visible at a light 
microscopic level but large enough to expose some epitopes, 

could enhance the antigenicity by improving  antibody   
penetration.  

39.3     Analysis with  FISH   
for the Chromosome Territory 

 Compared with the chemical  immersion fi xation   followed by 
 dehydration  , morphology of normal thyroid  follicles   was 
well preserved in tissue specimens prepared by QF-FS [ 2 ]. 
The free tiny spaces were more prominent in the sections 
prepared by the conventional fi xation followed by dehydra-
tion. Preservation of the thyroid morphology was not optimal 
in the regions with  ice crystal   s   on the sections prepared by 
QF-FS [ 2 ]. The  distribution   of the No.18  chromosome terri-
tory   in nuclei was not so clear with the immersion fi xation 
followed by dehydration, and the distribution was unclear 
even when the  microwave   was irradiated [ 2 ]. On the  paraffi n   
sections prepared by the QF-FS, the chromosomal territory 
was clearly observed even without microwave treatment. 

 Obtaining constant results of good fl uorescence labeling 
with  FISH   probes is diffi cult without several pretreatments 
such as enzymatic digestion and  microwave   irradiation [ 11 , 
 12 ]. The pretreatments should be minimized to avoid tissue 
damages [ 13 ], and the QF-FS method could be used with 
fewer pretreatments for human specimens. The mechanisms 
of enhanced FISH signals using CF-FS without several pre-
treatment steps may include the increased  permeability   of 
the FISH probe, as shown in immunostaining for  intranu-
clear antigen  s [ 2 ]. A side benefi t of CF-FS includes better 
preservation of in situ structures compared with the chemical 
 immersion fi xation  - dehydration   method. Therefore, QF-FS 
could be used to establish new criteria in the fi eld of pathol-
ogy as a method for the FISH study on  paraffi n  -embedded 
human specimens with fewer  artifacts  .  

39.4     IVCT for Analyses of Intranuclear 
Antigens and  FISH   

 Due to  anoxia   and  ischemia  , molecular  distribution   as well 
as ultrastructures can be changed by stopping  blood   supply 
[ 14 – 19 ]. In the conventional immersion/ perfusion    fi xation   
and the  quick-freezing   of resected specimens, loss of blood 
supply is always caused before the completion of fi xation. 
The ischemia/anoxia can cause artifi cial alterations and 
would affect the immunoreactivity of various molecules [ 20 , 
 21 ]. In situ immobilization and preservation of structures 
and molecules would be critical to minimize the  artifacts   and 
analyze dynamic changes of functional proteins, including 
signal molecules. In this context, IVCT has been used for the 
 immunohistochemistry   of  pCREB   in the mouse  cerebellum   
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  Fig. 39.1    Serial sections of mouse  cerebellum   prepared with the con-
ventional fi xation- dehydration   method and embedded in  paraffi n   show 
 pCREB   immunoreactivity ( a – d ,  f ,  g ,  i ,  j ) and DAPI ( e ,  g ,  h ,  j ) with ( b , 
 d ,  h ,  i ,  j ) or without ( a ,  c ,  e ,  f ,  g )  microwave   irradiation. Most of the 
immunostaining for pCREB is detected in nuclei of granule cells ( b , 
 large arrows ), some  neurons   in the molecular layer ( b ,  small arrows ), 
and  Purkinje cell   s   ( b ,  large arrowheads ). The microwave irradiation ( b , 

 i ) cannot homogenously enhance the weak immunoreactivity ( a ,  f ). 
Immunofl uorescence intensity of pCREB cannot be detected in the 
nucleoli, which are brightly stained with DAPI ( i ,  j ,  arrowheads ). No 
immunostaining is observed in immunocontrols ( c ,  d ).  ML  molecular 
layer,  GL  granular layer,  Mw  microwave treatment.  Bars  are 50 μm ( a ), 
10 μm ( e ), and 500 μm in the  large inset  and 10 μm in the  small inset  
(The fi gure is modifi ed from Ohno et al. [ 2 ])       
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  Fig 39.2    Serial  paraffi n   sections prepared with the  perfusion   fi xation 
followed by the  quick-freezing   (PF-QF) ( a ,  b ) or quick-freezing of 
fresh resected tissues (FQF) ( c – k ) show immunohistochemical staining 
for  pCREB   ( a – e ,  g ,  h ,  j ,  k ) with ( b ,  d ,  i – k )  microwave   irradiation 
appeared similar to that without microwave treatment ( a ,  c ,  e – h ). The 
primary  antibody   was used at dilutions of 1:250 ( a – d ,  g ,  h ,  j ,  k ) or 
1:1000 (×1000,  e ). The immunoreactivity with FQF is obvious even at 

a higher dilution (×1000) of the primary antibody ( e ). The pCREB 
immunostaining is not observed in the nucleoli, which are stained 
brightly with DAPI ( f – k ,  arrowheads ).  ML  molecular layer,  GL  granu-
lar layer. Nuclei are labeled with DAPI ( f ,  h ,  i ,  k ).  Bars  are 50 μm ( a ), 
10 μm ( f ), and 500 μm ( large insets ) and 10 μm ( small insets ) (The 
fi gure is modifi ed from Ohno et al. [ 2 ])       

[ 2 ]. Immediate freezing of all molecules in vivo by IVCT 
can prevent artifi cial changes in structures and immunostain-
ing [ 1 ,  22 ,  23 ]. Therefore, another advantage of IVCT is to 
facilitate detection of  intranuclear antigen  s [ 2 ], and IVCT 
would enable precise analyses of transient and dynamic phe-
nomena in living cellular nuclei.  

39.5     Concluding Remarks 

 Reducing pretreatment steps improves  artifacts   during the 
tissue preparation and would lead to new morphological and 
histopathological fi ndings. The CF-FS including IVCT 
reduces previously required pretreatments and preserves 
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morphology and signal intensity achieved in  immunohisto-
chemistry   and  FISH  . CF-FS would be better techniques for 
intranuclear analyses, and IVCT would reveal the dynamic 
changes of intranuclear molecules by immediately cryofi x-
ing the  molecular change   s  .     
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      Replica Immunoelectron Microscopy 
for Caveolin in Living Smooth Muscle 
Cells       

     Shinichi     Ohno      ,     Nobuo     Terada    ,     Yasuhisa     Fujii    , 
and     Nobuhiko     Ohno   

    Abstract  

  The IVCT with replica immunoelectron microscopy was developed for detecting caveolin 
localization on replica membranes directly prepared from living smooth muscle cells. After 
quick-freezing mouse duodenal walls by our IVCT, the specimens were prepared for freeze 
fracture and deep-etching replica membranes. Then, they were treated with 5 % SDS and 
0.5 % collagenase to keep some antigens on the replica membranes. The immunogold 
method could be used to clarify the localization of the caveolin antigen in relation to three- 
dimensional ultrastructures of living smooth muscle cells. Our new cryotechnique with 
replica immunostaining can provide native organization of functional molecules in living 
smooth muscle cells.  

  Keywords  

  Replica membrane   •   Immunoelectron  microscopy     •   Smooth muscle cell   •   Caveolin   •   In vivo 
 cryotechnique    

40.1         Introduction 

 The postembedding  immunoelectron microscopy   (immuno-
 EM) includes two preparation problems with techniques. 
First, it contains morphological alterations induced by  anoxia   
or  ischemia   during the specimen preparation steps. Second, 

in comparison with highly contrasted ultrastructures revealed 
on epoxy resin, the hydrophilic resin obscures the ultrastruc-
tures of fi xed specimens with lower electron contrast. To the 
contrary, another  quick-freezing   and deep-etching  method   
for immunolabeled specimens has been used to clarify the 
three-dimensional molecular structure of cells and tissues. 
Such  replica immuno-EM   can clearly demonstrate three- 
dimensional localizations of proteins in cells, although the 
fi rst problem still remains unresolved. On the other hand, 
some kinds of cell organelles have been believed to be 
dynamic components, which can change their ultrastructure 
in vivo during a very short time [ 1 ,  2 ]. The  caveolae   are typi-
cal of these organelles [ 3 ,  4 ]. Therefore, the conventional 
immuno-EM must have technical limitations for morpho-
functional examination of cells and tissues in functional 
states at the millisecond order. 

 As a clue to solving such technical problems, we have 
already established the IVCT, which can be directly per-
formed on anesthetized animals to examine functioning cells 
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or tissues [ 5 ]. It provided newly clarifi ed ultrastructures of 
mouse  glomerular capillary loop   s   under  various hemody-
namic condition   s   [ 5 ], native cornea of rat eyes [ 6 ], and  eryth-
rocytes   fl owing in the  hepatic sinusoid   [ 7 ]. In the present 
study, we have tried to develop another IVCT in combination 
with the immuno-EM to clarify the in situ localization of 
 caveolin   in functioning  smooth muscle cell   s  .  

40.2     Preparation Procedures for Replica 
Immuno-EM 

 The abdominal cavity of mice was opened, and their duodenum 
in vivo was detected with the naked eye. Then, the duodenal 
wall was immediately frozen in vivo at its serosal surface with 
 isopentane  –propane cryogen (−193 °C) cooled in liquid nitro-
gen. The frozen duodenum was excised with a precooled nip-
per in liquid nitrogen (−196 °C) and was processed for the next 
 deep-etching    method  . The serosal side of the duodenal tissues 
was carefully freeze-fractured with a scalpel in liquid nitrogen, 
as reported before [ 5 ]. Then, they were deeply etched under 
 vacuum   conditions of 6–8 × 10 −5  Pa, at −95 °C in an Eiko 
FD-3AS machine for 15–20 min. The specimens on a cold 
stage were rotary shadowed with  platinum metal   and carbon. A 
drop of 2 % collodion in amyl acetate was put onto the replicas, 
as soon as the specimens were taken out from the etching 
machine, to prevent the replica membranes from breaking into 
pieces during the following digestion steps. The replicated 
specimens coated with dried collodion were treated with 5 % 
SDS in distilled water (pH 4.0) for 5–10 h, followed with 0.5 % 
collagenase at 4 °C overnight. By such treatments, the deep-
etching replica method could be already established, which 
retained residual antigen proteins on the replica membranes. 
Then, the replica membranes with the antigen proteins were 
incubated with polyclonal rabbit anti- caveolin    antibody  . 
Finally, they were incubated with goat anti-rabbit  IgG   antibody 
conjugated with 10 nm gold. After the immunocytochemical 
procedures, the replica membranes were washed in PBS and 
cut into small pieces with a pair of scissors. They were then 
mounted on Formvar-fi lmed copper grids and immersed in 
amyl acetate solution to dissolve the collodion. They were 
examined in a Hitachi H-8100 electron microscope.  

40.3     Immunolocalization of Caveolin 
on Replica Membranes 

 As shown in Fig.  40.1a, b , our replica membrane method 
could demonstrate three-dimensional ultrastructures of the 
 smooth muscle cell   s   in the mouse duodenum prepared by 

the IVCT. Figure  40.1a  shows the freeze-fractured cyto-
plasm of smooth muscle cells in living mice, indicating 
many three- dimensional cytoskeletons and cell organelles. 
On the P-face of the freeze-fractured cell membrane of 
smooth muscle cells (Fig.  40.1b ),  caveolae   were detected 
as small holes, about 50–100 nm in diameter, when they 
were viewed from the outer cell surface. The diameter of 
each caveola was seemingly variable. Immunogold parti-
cles indicating localization of  caveolin   were often seen 
around such hole structures, which were probably attached 
to the caveola walls detected on the replica membranes 
(Fig.  40.1c ). However, they also decorated some fl at cell 
membrane regions in smooth muscle cells of the dystro-
phin-defi cient  mdx mice   (Fig.  40.1d ).

40.4        Morphofunctional Signifi cance 
of Caveolae 

 In this way, our IVCT with the  replica immuno-EM   could 
show native intracellular localization of  caveolin   in function-
ing  smooth muscle cell   s  . It could provide higher resolution 
images in the replica membrane and allowed us to examine 
membrane localizations of caveolin around  caveolae  . The 
freeze-fracture replica  electron microscopy   has some advan-
tages to examine subcellular  distribution   of antigen proteins 
[ 8 ], but it has not been performed under physiological condi-
tions of animal organs. Moreover, we have recently revealed 
that caveolae in smooth muscle cells are dynamic structures 
which could often detach from the cell membrane, as shown 
in another chapter of this review book. The caveolae contain 
various receptors and signaling molecules [ 3 ,  8 ,  9 ] and play 
some important roles as microdomains of the cell 
membrane.  

40.5     Concluding Remarks 

 The in vivo ultrastructural examinations are needed to 
reveal dynamic processes of protein–protein interactions 
on  caveolae   in living  smooth muscle cell   s  , which were 
hardly examined by the conventional electron microscopic 
or immuno-EM methods [ 3 ,  4 ]. Our IVCT with the  replica 
immuno-EM   can be directly used for  living animal organ   s   
under various experimental conditions, which will be 
effective not only for morphofunctional investigations of 
the caveolae [ 10 ] but also extracellular matrices in func-
tioning organs [ 11 ].     
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  Fig. 40.1    Replica electron micrographs of intestinal  smooth muscle 
cell   s   in living mice prepared by the IVCT followed by replica prepara-
tion method. ( a ) Freeze-fractured cytoplasm of three parallel-lining 
smooth muscle cells (M1 ~ M3). Many cytoskeletons and caveolar 
structures ( small arrows ) along sarcolemma ( large arrows ) are three- 
dimensionally seen. Inset, higher magnifi cation. Bars, 0.5 μm. ( b ) 
Various types of caveolar neck parts ( arrows ) are seen on the freeze- 
fractured P-face of their sarcolemma ( asterisks ).  Right upper inset , 

higher magnifi cation. Bars, 0.2 μm. ( c ) and ( d ) Immunostaining for 
 caveolin   with the immunogold method. Bars, 0.1 μm. Replica  immuno-
electron microscopy   for caveolin in smooth muscle cells of living scn 
( c ) or mdx ( d ) mice. Each  right-half panel  shows a list of various cave-
olar structures labeled with the immunogold particles. In the  mdx mice   
( d ), some immunogold particles for caveolin are localized not only on 
 caveolae   ( arrows ) but also on fl at cell membranes ( arrowheads ). 
 Asterisks : freeze-fractured P-face       
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      Application of “In Vivo Cryotechnique” 
to Detection of Injected Fluorescence- 
Conjugated IgG in Living Mouse Organs       

     Nobuo     Terada      ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno   

    Abstract  

  In this chapter, we present application of “in vivo cryotechnique” (IVCT) to the injection of 
fl uorescence-conjugated protein into living organs. The fl uorescein isothiocyanate- 
conjugated goat anti-rabbit immunoglobulin antibody (FITC-IgG) was directly injected 
into mouse livers, which were then frozen with IVCT by pouring an isopentane-propane 
mixture (−193 °C) cooled in liquid nitrogen. The organs were subsequently freeze- 
substituted in acetone containing paraformaldehyde, infi ltrated with sucrose, and cryocut 
into several slices. The slices were observed under the fl uorescence microscope. By exam-
ining the distribution of FITC-IgG, aspects of functional blood circulation in the liver, such 
as the concept of the liver lobule, were confi rmed. The subsequent preparation of the speci-
mens with immunohistochemistry, using the tetramethylrhodamine (TRITC)-conjugated 
anti-mouse IgG antibody, allowed us to visualize the localizations of both the original 
mouse IgG and the injected goat IgG in same sections with different color images.  

  Keywords  

  In vivo  cryotechnique     •   Fluorescent-conjugated  IgG     •   Injection   •   Freeze substitution  

41.1         In Vivo Cryotechnique (IVCT) 
for Examination on Circulation 

 The  cryotechnique  , by which biological tissues are frozen at 
very high cooling rates, can arrest physiological processes, 
as well as  blood    fl ow   within organs, and facilitate dynamic 

studies of the living tissue within these organs. IVCT was 
originally developed to examine the characteristics of in vivo 
living animal cells, tissues, and organs [ 1 ]. This technique 
was performed by rapid freezing of these tissues with  liquid 
isopentane  -propane cryogen (−193 °C) with or without cut-
ting using a  cryoknife   (−196 °C) cooled down in liquid nitro-
gen. In previous studies, the dynamic morphological changes 
in living cells, tissues, and organs using the cryotechnique 
were observed by electron and light  microscopy   [ 1 – 7 ]. 

 By employing IVCT for  time-resolution   studies, we have 
shown with in situ  immunolocalization   that  serum    protein   s   can 
naturally leak through the  blood  -brain  barrier   in the mouse  cer-
ebellum   prior to the moment when the  cryotechnique   is histo-
chemical procedures. In this chapter, we demonstrate a method 
for observing injected soluble fl uorescence-conjugated pro-
teins in living mouse organs after rapid freezing of the mouse 
organ followed by routine freeze substitution, cryo-sectioning, 
and observation with a fl uorescence microscope. Precise meth-
ods and results have been reported in the previous paper [ 8 ].  
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41.2     IVCT After Injection of Fluorescent- 
Conjugated  IgG   

 Retention of fl uorescent signal derived from  fl uorophore   
after quick freezing and freeze substitution with  paraformal-
dehyde   is demonstrated in Fig.  41.1a–c , by mixing FITC- 
conjugated  IgG   (green in Fig.  41.1a, c ) and TRITC-conjugated 
IgG (red in Fig.  41.1b, c ) from different direction. For IVCT, 
FITC-conjugated goat anti-rabbit IgG  antibody   in saline was 
directly injected into the  liver   through a small needle 
(Fig.  41.1d ). One second after the injection, the liver was 
immediately bathed in the  isopentane  -propane  mixture   pre-
cooled in liquid nitrogen. This IVCT was always performed 
under the normal physiological conditions, with the animals’ 
hearts beating, as previously described [ 1 ]. The  freeze- 
substitution      method   could be combined to the  cryotechnique   
to minimize the diffusion of  soluble protein  s from their bio-
logical compartment during preparation [ 9 ].

   After the freeze substitution, the samples were treated 
with  sucrose   and then frozen with  isopentane   precooled with 

dry ice, and 6–8-μm sections were cut at −30 °C in a cryostat 
apparatus. After attaching the thawed tissues to the poly-L- 
lysine-coated glass slides, they were briefl y washed in 
phosphate- buffered saline (PBS) to remove the sucrose. 
Then, the tissues on glass slides were covered using cover-
slips and observed under a fl uorescence microscope.  

41.3     Blood Circulation Is Visualized by 
Injection of Fluorescent  IgG   Probe 
with IVCT 

 Some well-preserved tissues without obvious ice-crystal for-
mation at a light microscopic level were obtained within 
300–400 μm of the frozen tissue surface, as revealed by dif-
ferential interference contrast (DIC) (Fig.  41.1e ) and DAPI 
staining. Such well-preserved areas were widely obtained by 
sectioning the frozen surfaces vertically. 

 Regarding the  blood    vessel   s  , including the  hepatic sinu-
soid   s   of mouse livers, the injected fl uorescent probe was 

  Fig. 41.1    ( a – c ) Fluorescence micrographs of quick-frozen, freeze-sub-
stituted, and freeze-dried TRITC- and FITC-conjugated goat immuno-
globulins, which were mixed on glass slide from different direction 
( arrows  in  a ,  b ). ( c ) is the merged image of ( a ) and ( b ).  (d)  Schematic 

representation of the  in vivo cryotechnique      with fl uorescent probe injec-
tion. ( e ,  f ) DIC ( e ) and fl uorescence ( f , Fluo) images of IVCT mouse  liver   
where FITC- conjugated goat  immunoglobulin   was injected. Precise data 
have been reported in the previous paper (Terada et al. [ 8 ]). Bars: 100 μm       
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retained after performing the  in vivo cryotechnique   and the 
 freeze-substitution   procedure (Fig.  41.1f ). Red blood cells 
were strictly localized in various types of blood vessels, indi-
cating that  normal blood fl ow   was retained even after the 
injection of goat FITC- IgG  , when the in vivo  cryotechnique   
was performed. The  paraformaldehyde   fi xation during the 
freeze substitution did not alter the fl uorescent characteris-
tics of the fl uorescent probe. Its light emission occurred at 
the same  wavelength   as that of the probe in water only. Some 
interlobular veins (ILV in Fig.  41.1e, f ) surrounded a seg-
ment of the  hepatic lobul  e. Many venous capillaries at the 
surface of the hepatic lobule arise from interlobular veins 
and inlet  venules  : from these, circulating blood passes 
through openings in the limiting plate into hepatic  sinusoids   
and then further fl ows between the hepatic plates to be col-
lected by the  central vein   (CV in Fig.  41.1e, f ). In a few 
hepatic lobules, exogenous goat FITC-IgG was only distrib-
uted in about half of their areas (Fig.  41.1f ), indicating that 
blood was circulating through the portal lobule. The three- 
dimensional vascular network revealed by the injected goat 
FITC-IgG could also be obtained by collecting images of 
serial sections.  

41.4     Combination 
of Immunohistochemistry 
for the IVCT-FS Samples 

 For the immunohistochemical analyses using fl uorescence 
 microscopy  , some cryostat sections were then incubated with 
TRITC-conjugated goat anti-mouse  IgG    antibody  , which 
does not cross-react to the goat IgG. They were mounted on 
glass slides and observed under the  confocal laser   scanning 
 microscope  . The TRITC-immunolabeled original mouse 
IgG and the injected goat FITC-IgG, both fl uorescences, 
were also located. This gives an example of this concept for 
 immunohistochemistry   after the freeze substitution of the 
frozen specimens with fl uorescent probes. Therefore, the 
merits of arresting the injected fl uorescent probe exclusively 
by applying IVCT, and not with the usual video camera 
imaging for fl uorescence, are not only that the in vivo  blood   

 fl ow   can be maintained at the time of  cryofi xation   but also 
that the living organ can be directly frozen.  

41.5     Concluding Remarks 

 Fluorescence-conjugated  IgG   probes were retained in the 
 blood    vessel   s   during IVCT and FS procedure. This retention 
made it possible to visualize the fl ow path of the original 
 serum   component in the hepatic blood vessels of mouse IgG.     
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      Application of “In Vivo Cryotechnique” 
to Visualization of Microvascular Blood 
Flow in Mouse Kidney by Quantum Dot 
Injection       

     Nobuo     Terada      ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno   

    Abstract  

  In this chapter, we present application of “in vivo cryotechnique” (IVCT) to the injection of 
glutathione (GSH)-coated quantum dots (QDs), which emit a red-fl uorescent signal with an 
ultraviolet excitation, for kidneys. The frozen kidneys were processed to freeze-substitution 
fi xation (FS) and observed in fl uorescence or confocal laser scanning microscope (CLSM). 
In the renal cortex, QD distribution was detected mostly in glomerular blood capillaries for 
a few seconds and extended to peritubular blood capillaries at 5 s. By injection of horserad-
ish peroxidase (HRP) and QDs at the same time, the distribution of HRP in the renal cortex 
at 30 s was detected in the interstitium in addition to blood vessels, whereas QDs were 
localized only inside blood vessels. Thus, strict time-dependent visualization of blood fl ow 
in tissue sections became possible within seconds by combination of IVCT and injection of 
QDs.  

  Keywords  

  In vivo  cryotechnique     •   Quantum dot   •   Fluorescent probe   •   Horseradish peroxidase  

42.1         In Vivo Cryotechnique (IVCT) 
and Quantum Dot ( QD  ) Injection 

 IVCT is very useful to visualize time-dependent events [ 1 , 
 2 ]. It is also assumed to cryoimmobilize all components in 
the cells and tissues within a second in well-frozen areas [ 2 ]. 
To examine the in vivo  blood   fl ow in some mouse organs, we 

previously applied IVCT to  living mouse kidney   s   and livers 
which were directly injected with fl uorophore-conjugated 
 immunoglobulin    G   [ 3 ]. However, the lifetime of the  fl uoro-
phore  , fl uorescein isothiocyanate (FITC), was too short to 
detect, resulting in decreased intensity of visualization to 
analyze its temporal or spatial resolution. 

 Recently, another type of fl uorophore,  quantum dot   s   (QDs), 
was produced [ 4 ,  5 ]. Some typical QDs consist of core-shell 
nano-metal structures functionalized with different molecular 
coatings. As shown in Fig.  42.1a , optical properties of QDs are 
controllable by changing their sizes to 1–10 nm in diameter, 
which have a broad excitation  wavelength   together with sharp 
and symmetrical emission fl uorescent spectra. Because of 
strong and constant fl uorescent signals, they have a high 
potential for morphofunctional study of various biological 
processes in animal bodies at a single-molecule level [ 6 – 8 ]. 
Small-sized QDs were also used to examine physiological 
rates of their fi ltering through glomerular  basement mem-
brane   s   [ 9 ]. With intravital fl uorescence  microscopy  , networks 
of  blood    vessel   s   were imaged in living mouse organs, which 
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had been intravenously injected with QDs [ 8 ,  10 ,  11 ]. In the 
present chapter, we present injection of water-soluble glutathi-
one (GSH)-coated QDs (Fig.  42.1b ) [ 12 ,  13 ] into anesthetized 
mouse hearts and subsequent IVCT to visualize the  QD    distri-
bution   in  kidney   tissues at the second time scale. Precise meth-
ods and results have been reported in the previous paper [ 14 ].

42.2        Detection of Histological Features 
and  QD   Distribution in Kidney Tissues 

 The QDs used in this study are referred to as GSH-QD650 
and were made of CdSe/CdZnS core with a GSH coating, 
and they were about 8 nm in total diameter, emitting red 
(around 650 nm in  wavelength  ) fl uorescent signals with 
 ultraviolet (UV) light   (Fig.  42.1c ). In cortical tissues of 

mouse kidneys at 2.5 and 5 s after injection of  QDs, red QD   
signals were clearly detected. There were three ways to 
observe the renal tissue structures. First, pure morphology 
was obtained with hematoxylin-eosin (HE) staining of the 
serial sections, enabling us to compare the fl uorescence 
image. Second, detection of autofl uorescence images with 
UV excitation was useful on the same section, as shown by 
the blue color in Fig.  42.1d, e , while the fl uorescence inten-
sity of QD signals was very strong. Third, diffraction inter-
ference contrast (DIC) images were useful to visualize 
morphological contours of  blood    vessel   s   due to the appear-
ance of  erythrocyte   shapes on the exactly same section. 

 In the renal cortex, at 2.5 s after the  QD    injection   
(Fig.  42.1d ), QDs were detected only in renal glomerular 
capillaries as well as afferent  arterioles  , but not in  blood    cap-
illaries   around renal tubules. The QDs were seen to be 

  Fig. 42.1    ( a ) Photographs of different sizes of  quantum dot   s   (QDs; 
4.5, 6, and 7 nm) emitting different fl uorescent colors under  ultraviolet 
light  . ( b ) Chemical structure of GSH-coated QDs. Actual number of 
GST is much higher. ( c ) Tissue section ( arrows ) is observed with fl uo-
rescence microscope with ultraviolet light.  Arrowhead  indicates glossy 

paper to refl ect ultraviolet light, which is useful to gather light. ( d ,  e ) 
Fluorescence images of IVCT mouse  kidney   tissues at 1.5 ( d ) and 5 ( e ) 
sec after injection of QDs.  Red signal  is derived from QDs under ultra-
violet light.  G   glomerulus  ,  PT   proximal tubule  . Precise data have been 
reported in the previous paper (Terada et al. [ 14 ]). Bars: 50 μm       
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 distributed in restricted areas in  glomerular capillary loop   s  . 
This fi nding is consistent with the concept of blood fl ow in 
the renal cortex, showing that the fl ow enters from afferent 
arterioles into glomerular capillary loops and exits through 
efferent arterioles and into peritubular blood capillaries. At 
5 s after the QD injection (Fig.  42.1e ), they were detected in 
almost all peritubular blood capillaries, as well as those in all 
renal glomeruli. Thus, the in vivo blood fl ow, refl ecting their 
 living state   s  , was clearly visualized by the QD  distribution   in 
tissue sections captured by IVCT. 

 With the  confocal laser   scanning  microscope   (CLSM), 
tissue sections were exposed to UV laser light (405 nm in 
 wavelength  ), and the best GSH-QD650-fl uorescence images 
were detected at a 630–730 nm wavelength. After FS, the 
tissue specimens became very hard, and it was possible to 
trim them directly with a razor blade, and the cut tissue sur-
face was exposed to laser beams by CLSM. Both afferent 
and efferent  arterioles   were visualized at a vascular pole, 
where the  QD    distribution   was three-dimensionally detected 
in the  glomerulus   as a whole, as obtained at any levels by 
optionally cut sections after the image reconstruction. Thus, 
vascular structures of  glomerular capillary loop   s   were clearly 
demonstrated by the reconstruction of QD distribution with 
CLSM.  

42.3     Comparative Distribution of  QD   
and Injected Soluble Protein, 
Horseradish Peroxidase ( HRP  ) 

 The  HRP   has been a well-known  soluble protein   often used 
as a tracer by visualization with DAB-enzyme reaction to 
examine diffusive states in the  interstitium   in various animal 
organs after artifi cial injection into  blood    vessel   s   [ 15 ]. The 
HRP  distribution   was evaluated by the simultaneous injec-
tion of HRP and QDs into the mouse  left ventricle   s  , and 
IVCT was performed at 30 s after the injection. Because  glu-
taraldehyde   treatment usually reduced the  QD   intensity, the 
IVCT-frozen tissues containing both HRP and QDs were 
divided into two pieces and processed to each detection pro-
tocol. At 30 s after the simultaneous injection of HRP and 
QDs, only DAB-reaction products were detected in the inter-
stitium, as well as in blood vessels of the renal cortex, show-
ing HRP localization. In addition, DAB-reaction products 
were detected at basal striations of some renal tubules. On 
the other hand, QDs were detected only inside blood vessels, 
but not in the interstitium of the renal cortex. Thus, dynamic 
aspects of blood supply into organs were clearly visualized 
by detecting different soluble extrinsic components with the 
IVCT, which probably refl ect living animal functions.  

42.4     Concluding Remarks 

 The injected QDs were clearly visualized in the  living mouse 
kidney   s   with IVCT at the second time scale.     
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      Application of “In Vivo Cryotechnique” 
to Raman Microscopy of Freeze-Dried 
Mouse Eyeball Slice       

     Nobuo     Terada      ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
    Yasuhisa     Fujii    , and     Shinichi     Ohno   

    Abstract  

  The wavelength of Raman-scattered light depends on the molecular composition of the 
substance. In this chapter, we present identifi cation of biological molecules by Raman spec-
tra in a mouse eyeball with “in vivo cryotechnique” (IVCT) followed by freeze drying. Four 
typical patterns of Raman spectra were obtained and electronically mapped. Tissue organi-
zation was confi rmed by embedding the same eyeball slice used for Raman spectra into 
epoxy resin with the inverted capsule method. Each Raman spectral pattern represents a 
different histological layer in the eyeball. Some of the peaks of the Raman spectra obtained 
from the blood vessels in sclera and the photoreceptor layer were similar to those obtained 
from the purifi ed hemoglobin and rhodopsin proteins, respectively. Thus, this method is 
useful for examining the distribution of a biological structures and chemical components.  

  Keywords  

  In vivo  cryotechnique     •   Raman   •   Freeze drying   •   Molecular structure   •   Hemoglobin  

43.1         Raman Spectroscopy and In Vivo 
Cryotechnique (IVCT) 

 Biological materials themselves change their molecular 
structure through several modifi cation steps when signaling 
cascades start.  Raman spectroscopy   is a technique based on 
the scattering of incident laser light at frequencies that are 

shifted by the vibration of component structures of a 
 compound dependent on its composition and bonding [ 1 ]. 
This optical method has attracted considerable attention for 
use in evaluating cells and tissues since  Raman microscopy   
has the potential to distinguish biological molecules in dif-
ferent states [ 2 ]. 

 To combine IVCT [ 3 ] with the  Raman spectroscopy  , we 
used  freeze-drying    method   because the location and struc-
ture of various biomolecules, such as proteins, lipids, car-
bohydrates, and vitamins, remain mostly unchanged [ 4 ]. 
Here, we present the  Raman spectra    mapping   of the bio-
logical structure of part of the mouse eye. Precise methods 
and results have been reported in the previous paper [ 5 ].  

43.2     IVCT, Cryo-slicing and Freeze Drying 
for the Mouse Eyeball 

 The IVCT was performed with the  eyeballs   of anesthetized 
mice, which were kept in the room under daylight condi-
tions. The eyeballs were immediately frozen with the  liquid 
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isopentane  –propane cryogen (−193 °C) [ 6 ]. The frozen 
 eyeballs were sectioned with a 100-μm thickness with a 
cryotome, which was cooled with dry ice. Each  eyeball   sec-
tion was transferred into a freeze-etching machine so that 
the samples could be freeze-dried under 1–4 × 10 −7  Torr 
 vacuum   condition at −95 °C [ 7 ]. The sections were warmed 
up and examined in a confocal Raman microspectrometer 
(Fig.  43.1a ). To handle and not break, the tissue sections 
were sandwitched between glasses. Moreover, after the 
freeze drying, the samples between glasses could be trans-
ported safely and directly analyzed with  Raman micros-
copy   without opening the glass sandwich (arrow in 
Fig.  43.1a ).

   The beam line of a HeNe laser was focused on a position 
in a selected  eyeball   slice with the help of a bright-fi eld 
microscope. Held up to the light, choroid and pigment epi-
thelial layers were recognized as colored black owing to the 
presence of  melanin   granules.  Raman spectra   analyses were 
performed to test the suitability of the mouse eyeball slices 
for histological identifi cation. Spectra obtained in this area 
could be categorized into four patterns (Fig.  43.1b ), and typi-
cal spectrum in pink area is presented in Fig.  43.1d .  

43.3     Embedding of Freeze-Dried Slices 
in Epoxy Resin to Visualize Tissue 
Structure 

 The  eyeball   slices analyzed for  Raman microscopy   were 
embedded in epoxy resin using the  inverted capsule method  . 
Briefl y, the coverglass sandwiching the eyeball slice was 
removed, and a gelatin capsule fi lled with the epoxy resin 
was placed on the eyeball slice attached to the glass slide. 
After hardening the resin, the glass slide was detached by 
heating slightly. One-micrometer-thick sections were cut on 
an ultramicrotome stained with  toluidine blue   and observed 
with a bright-fi eld microscope. 

 By comparing the image of the morphological tissue 
structures to that of the Raman  mapping   of four typical spec-
tral patterns (Fig.  43.1b ), it became clear that the  distribution   
of colors refl ected different tissue components: areas with 
the pattern shown by green, pink, red, and blue colors cor-
responded with the ocular  skeletal muscle  s, scleral connec-
tive tissues (Sc in Fig.  43.1c ), choroid/pigment epithelium 
(Ch and PE in Fig.  43.1c ), and rod/cone  photoreceptor   layer 
(RC in Fig.  43.1c ), respectively.  
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  Fig. 43.1    ( a ) Schematic 
representation of Raman 
microscopic analysis for the 
freeze-dried samples ( arrow ) 
sandwiched between glasses. ( b ,  c ) 
Raman  mapping   image ( b ) and 
morphological image with 
toluidine-blue staining ( c ) for the 
same tissue area in IVCT-FS mouse 
eye. ( d ) Typical  Raman spectrum   
obtained in the  pink  area shown in 
( b ). ( e ) Raman spectrum obtained 
from the purifi ed dry  hemoglobin  . 
Precise data have been reported in 
the previous paper (Terada et al. 
[ 5 ]).  Bars : 10 μm       

 

N. Terada et al.



227

43.4     Comparison of Raman Spectra in IVCT 
Tissues and Purifi ed Proteins 
Prepared by Quick Freezing 
and Freeze Drying 

 The  Raman spectra   of isolated  hemoglobin   (Fig.  43.1e ) 
showed specifi c patterns with several peaks. Some peaks and 
spectra patterns obtained from the purifi ed hemoglobin and 
 blood    vessel   s   in the sclera (Fig.  43.1d, e ) were almost simi-
lar. The  Raman spectrum   of freeze-dried purifi ed  rhodopsin   
was also similar to that obtained in rod/cone  photoreceptor   
layer with IVCT-FD. 

 In  aqueous solution  s, it has been possible to distinguish 
changes in molecular structures of biological materials with 
 Raman spectroscopy   such as  oxygenation   of  hemoglobin   [ 8 ], 
light-exposed  rhodopsin   [ 9 ], and complexes of nucleic acids 
[ 10 ]. Presumably, some changes of the  Raman spectra  l pat-
tern may be caused by freeze drying and dehydrated chromo-
phores in the tissue samples. In the next step, we then 
examined Raman spectra of tissue in the aqueous state on a 
low-temperature stage, as demonstrated in Chap.   44     in this 
book.  

43.5     Concluding Remarks 

 IVCT in combination of  Raman microscopy   revealed molec-
ular identifi cation and  distribution  , refl ecting  living state   s  .     
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    Abstract  

  In this chapter, we present application of “in vivo cryotechnique” (IVCT) to measurement 
of oxygen saturation (SO 2 ) in erythrocytes with Raman cryomicroscopy. Two resonance 
Raman (RR) shifts around 1355 and 1378 cm −1  which refl ect deoxygenated and oxygenated 
hemoglobin molecular structures, respectively, were evaluated. The two RR shifts of 
quickly frozen human whole blood were well retained at the low temperature. In blood ves-
sels of living mouse organs prepared with the IVCT, their RR spectral peaks were also 
detected at the same RR shifts. In the blood vessels of IVCT small intestines and livers, 
different peak patterns of their RR shifts were monitored in each blood vessel. Thus, SO 2  in 
blood vessels is measurable in IVCT tissues with Raman cryomicroscopy, refl ecting their 
living states.  

  Keywords  
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44.1         Evaluation of Oxygen Saturation (SO 2 ) 
in Tissues and Raman Spectroscopy 

 Detection of tissue  oxygenation   as well as  erythrocyte   SO 2  
has been considered important to evaluate the  living state   s   of 
organs and intracellular reactions against  hypoxic condition   s  . 
To highlight regional oxygenation of cells and tissues in vital 
animal bodies, several analytical techniques were used 

including the phosphorescence quenching, nuclear magnetic 
resonance (NMR), nicotinamide adenine dinucleotide 
(NADH) fl uorescence, and light or infrared spectroscopic 
and Raman imaging to detect their dynamic states [ 1 – 3 ]. 

 An advantage of  Raman microscopy   for biological inves-
tigation is that the  Raman spectrum   of water itself is very 
weak, unlike infrared spectroscopy [ 4 ], enabling us to obtain 
precise information about biological components of cells 
and tissues with water and/or  ice crystal   s  . The recent devel-
opment of a confocal system with Raman  microscopy   has 
also been helpful for obtaining such information from tiny 
target tissue spots within animal organ specimens, which 
then allows us to make  mapping   images of their spectra [ 5 ]. 
Oxy- and deoxy-Hb-specifi c resonance Raman (RR) shifts 
were recently reported in living mouse  blood    vessel   s   running 
throughout the abdominal peritoneum by intravital Raman 
spectroscopic analyses [ 6 ]. 

 However, the physiological relevance of  low temperature   
studies has not been elucidated in natural animal tissues 
in vivo [ 7 ]. If the specifi c RR shifts are also retained in the 
living animal tissues at low temperature, the Raman 
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 microscopic analyses of SO 2  would probably refl ect the 
functional  living state   s   of animal organs in the order of mil-
liseconds. Therefore, various samples of human whole  blood   
under different gas conditions and also living mouse tissues 
prepared with IVCT were examined by confocal  Raman 
microscopy   at low temperature, referred to as “ Raman cryo-
microscopy  .” Precise methods and results have been reported 
in the previous paper [ 8 ].  

44.2     Raman Spectra of Human Whole 
Blood (HWB) Under Various Levels 
of Oxygen Saturation 

 As a model to evaluate  oxygen saturation   for  Raman spec-
troscopy   at  low temperature  , the RR spectra of the frozen 
HWB were analyzed on a temperature-controllable stage at 
–150 °C with  Raman microscopy  . A 458 nm  wavelength   
HeNe laser was focused at a part of each frozen specimen on 
the cryostage with a bright-fi eld microscope. Patterns of the 
RR shifts were clearly recognized around 1355 and 1378 cm −1  
(Fig.  44.1a ). Relating to the increase of SO 2 , the 1378 and 
1355 cm −1  Raman shift peaks became higher (Fig.  44.1a ). By 
collecting some samples in a scatter plot, amounts of  eryth-
rocyte   SO 2  and the ratios of two shift areas were closely cor-
related with each other statistically. Thus, the SO 2  of 

 erythrocytes   can be relatively calculated by comparison of 
the two RR shifts.

44.3        Raman Spectra of Blood Vessels 
in Living Mouse Intestines 

 The  small intestines   with IVCT [ 9 ] were analyzed with  con-
focal Raman cryomicroscopy   (Fig.  44.1b ).  Blood vessel   s   
were exposed by freeze-fractured with a cooled scalpel ((ii) 
in Fig.  44.1b ). Their intestinal mesenteries and serous mem-
branes contain many typical small arteries and veins. The 
shift peaks around 1355 and 1378 cm −1  of the frozen intesti-
nal tissues completely matched the RR shifts of HWB, indi-
cating a common characteristic in all animal  hemoglobin   
molecules [ 10 ]. 

 Under a light microscope, some branches of the small 
arteries and  arterioles   were identifi ed as bright red color 
images (Fig.  44.1c ), and Raman shifts in the  blood    vessel   s   
were analyzed with  confocal Raman cryomicroscopy  . In some 
arterial vessels, depending on the peripheral distance from one 
point of an artery, area ratios of the two shift peaks changed 
(Fig.  44.1d ); the 1378 cm −1  Raman shift peaks decreased with 
distance compared to the 1355 cm −1  ones. Thus, it was possi-
ble to obtain  Raman spectra   of frozen tissue samples at  low 
temperature  , indicating the SO 2  of  fl owing erythrocyte   s  .  

  Fig. 44.1    ( a )  Raman spectra   of human whole  blood   at  low tempera-
ture   (−150 °C) under different SO 2  conditions. ( b ) Schematic represen-
tation of  Raman cryomicroscopy   for living mouse intestines, prepared 
with  in vivo cryotechnique   (IVCT). ( c ,  d ) For IVCT mouse small intes-

tinal serous membranes, three points of a  blood vessel   s   are selected 
with a light microscope ( c ), and Raman spectra are analyzed ( d ). 
Precise data have been reported in the previous paper (Terada et al. 
[ 8 ]).  Bars : 10 μm       
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44.4     Raman Spectra of Blood Vessels 
in Living Mouse Livers 

 The  liver   tissues frozen with IVCT were also examined to 
verify the RR spectra in  blood    vessel   s   at  low temperature  . 
With  confocal Raman cryomicroscopy  , two shifts around 
1355 and 1378 cm −1  were detected in the blood vessels of 
liver tissues, as prepared by IVCT, under the normal circula-
tion. The  Raman spectra   were also compared in two neigh-
boring blood vessels. Judging from the relative area ratios of 
1355 and 1378 cm −1  RR shifts, the SO 2  in the hepatic blood 
vessels was much lower than that in the mesenteric  arterioles  . 
However, in blood vessels of the hypoxic areas after  blood 
circulation   stopped, the peak of the 1378 cm −1  RR shift was 
completely lost in both blood vessels, indicating much lower 
levels of SO 2  in the  fl owing erythrocyte   s   under  hypoxia  . 

 By  mapping   the typical 1355 and 1378 cm −1  RR spectrum 
shifts, only inside the  blood    vessel   s  , including  hepatic sinu-
soid   s  , was positive for the RR spectrum shifts, indicating that 
the RR shifts were specifi c for the SO 2  of  erythrocytes  .  

44.5     Concluding Remarks 

 The technical combination of IVCT with  confocal Raman 
cryomicroscopy   enabled us to make direct analyses of the 
 fl owing erythrocyte   SO 2  in  blood    vessel   s   of living mouse 
organs.     
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      Imaging of Thrombosis 
and Microcirculation in Mouse Lungs 
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    Abstract  

  Microscopic bioimaging of blood fl ow and distribution of cancer cells in lungs are essential 
to analyze mechanism of lung metastasis. Such cancer metastasis has been well known to 
induce hypercoagulable states and thrombosis. In histopathological tissue sections,  however, 
it has been diffi cult to capture rapid phenomenon of thrombus formation due to technical 
problems associated with much less retention of soluble serum components as well as dynamic 
histological features refl ecting their living states. In this part, to develop the  cryotechnique 
for human pathology, we achieved bioimaging of both hypercoagulable states and thrombo-
sis induced by early metastasis of mouse B16-BL6 melanoma. Thus, to examine plasma 
fl ow with fl uorescence emission, glutathione-coated quantum dots (QDs) were subsequently 
injected after melanoma cells via right ventricles. At 5 s after the melanoma injection, mela-
noma cells were mostly stacked and intruded in alveolar capillaries with changing their 
shapes. Platelets aggregated around the stacked melanoma cells at 5 min. Such aggregated 
platelets were partially activated because of phosphorylated tyrosine 418 and 527 of Src on 
paraffi n sections. Fibrin monomers and fi brinogens were also immunolocalized around 
stacked melanoma cells, indicating initial thrombus formation. In those areas, QDs were 
rarely detected, probably because of the lack of blood supply. Thus, IVCT revealed histopatho-
logical features of initial thrombosis under their circulatory conditions.  
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45.1         Introduction 

 It is well known that  metastatic cancer cell   s   easily induce 
 hypercoagulable state  s including  platelet   aggregation, which 
are closely related to subsequent  tumor   progression, such as 
cell proliferation and angiogenesis [ 1 – 3 ]. In addition to the 
platelets, some  cancer   cells were also demonstrated to 
 produce coagulation factors, such as thrombin and tissue 
 factors [ 4 – 6 ]. Clinically, the hypercoagulable state of humans 
due to cancer progression often causes disseminated intra-
vascular coagulation (DIC) [ 4 ,  7 ]. DIC is usually confi rmed 
by  blood   and plasma tests of patients, indicating decreases of 
 fi brinogen   and platelet count and/or increases of D-dimer, 

mailto:yurikas@yamanashi.ac.jp


236

fi brinogen- degradation products, and soluble  fi brin monomer   
[ 8 ]. In particular, the level of soluble fi brin monomer is an 
indicator of initial blood coagulation because it is the fi rst 
product of fi brinogen cleaved by thrombin [ 9 ]. Such soluble 
fi brin monomers are also reported to enhance activated 
 platelet adhesion to cancer cells, which was additionally 
confi rmed by an increase of the  lung metastasis   of cancer 
cells pretreated with soluble fi brin [ 10 ]. To detect the soluble 
fi brin monomers in plasma in vitro, a monoclonal  antibody   
was developed, which reacted to the conformation site of 
fi brinogen cleaved by thrombin [ 11 ]. However, for micro-
scopic analyses of tissue sections, because most  soluble 
component   s   and molecular structures in  blood vessel   s   were 
readily removed or changed during tissue preparation with 
conventional  chemical fi xation   methods, we visualized such 
functional areas and evaluated the timing of initial  thrombus 
formation   with “ in vivo cryotechnique  ” (IVCT).  

45.2     Visualization of Thrombus in Lungs 
Induced by Cancer Cells Within Five 
Minutes 

 To visualize thrombus, we injected mouse  melanoma cell   s   
into right ventricles of anesthetized mice. At 5 s after the 
injection of melanoma cells, initial entry into lung  blood    ves-
sel   s   was clearly detected in  large blood vessel   s   and parts of 
 alveolar capillaries   with dynamically changing their shapes 

within a few seconds (Fig.  45.1a ).  Blood vessel   s   were fi lled 
with many  fl owing erythrocyte   s   (white arrows in Fig.  45.1a ). 
At 1 min, some melanoma cells were attached to endothelial 
walls of large blood vessels (black arrowheads in Fig.  45.1b ), 
and some platelets got stacked. At this stage, fl uorescence 
probe,  quantum dot   s   (QDs), injected into right ventricles to 
check  blood circulation   [ 12 ,  13 ], were detected in all blood 
vessels. At 5 min after the melanoma cell injection, variously 
formed states of thrombosis appeared in many large blood 
vessels of  living mouse lung   s  . In some blood vessels, 
 melanoma cells were accompanied by larger aggregates of 
platelets (white arrowheads in Fig.  45.1c, e ) with congested 
 erythrocytes   (black double-arrowheads in Fig.  45.1c, e ). In 
some areas, many platelets also accumulated (white arrow-
heads in Fig.  45.1d, f ) and aggregated in larger blood vessels 
(white double-arrowheads in Fig.  45.1d, f ). The congested 
erythrocytes were disproportionately located in such large 
blood vessels. Thus, the initial molecular structures of 
 thrombus formation   usually accompanied by melanoma cell 
metastasis were clearly visualized in HE-stained  paraffi n   
sections, refl ecting the  living state   of mouse lungs. However, 
QDs were rarely detected in other areas of blood vessels, 
which contained large  erythrocyte   aggregates (Fig.  45.1e ). 
The  QD  -fl uorescence intensity was inversely correlated to 
the  platelet   aggregation density, as seen in the differential 
interference contrast image. In the spotty areas, where 
 fl owing platelets were loosely gathered (white arrowhead in 
Fig.  45.1d, f ), QDs were still detected around the stacked 

  Fig. 45.1    Mouse lung tissues prepared by 
IVCT at 5 s ( a ), 1 min ( b ), and 5 min ( c – f ) 
after the  melanoma cell   injection. HE-stained 
morphological features (HE;  a – d ) and 
distributions of  QDs (QD  ;  e ,  f ). The section 
showing the red QD-fl uorescence images with 
 ultraviolet light   (QD;  e ,  f ) is next to the serial 
 paraffi n   section showing the HE-stained 
image ( c ,  d ).  Black arrow : visceral pleura, 
Black  arrowheads :  melanoma cells   with large 
nuclei,  White arrowheads : grouping platelets, 
 Black double-arrowheads : congested 
 erythrocytes  ,  White double-arrowheads : large 
 platelet   aggregates occupy their lumens,  A : air 
space. Bars: 25 μm       
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platelets. In contrast, in other areas where they compactly 
aggregated (white double-arrowheads in Fig.  45.1d, f ), the 
QD-fl uorescence intensity was weaker than that in the areas 
where platelets were loosely gathered. These results suggest 
that IVCT revealed the initial morphology of thrombus 
 formation, sometimes accompanied by later failure of blood 
circulation.

45.3        Visualization of Platelet Activation at 
Five Minutes 

 Next, to evaluate the molecular cascade activation of plate-
lets for signal transduction, the  phosphorylation   of  Src   was 
immunohistochemically examined. Platelets have been well 
documented to possess large amounts of Src-family kinases 
[ 14 ,  15 ], which generally have two phosphorylation sites of 
tyrosine (Y), Y418 and Y527 [ 16 ]. It has already been 
reported that the combination of Y418 phosphorylation and 
Y527 dephosphorylation indicates the full activation of Src, 
whereas another combination of both Y418 and Y527 phos-
phorylation indicates partial Src activation [ 14 ]. To confi rm 
the existence of Src molecules in the present  aggregated 
platelet  s, we performed immunostaining for Src. At 5 min 
after the  melanoma cell   injection, large masses of  platelet   
aggregates (white double-arrowheads in Fig.  45.2a ) were 
strongly immunopositive for Src in some  blood    vessel   s   
(black arrows in Fig.  45.2a ). Such platelet aggregates were 
also fl uorescently immunostained with anti-phosphorylated-
 Y418 (p418)  antibody   (green in Fig.  45.2d ) inside the red 
fl uorescence contours of platelets immunostained for CD42c 
(white arrowheads in Fig.  45.2d ). Thus, it is suggested that 

Src-family kinases in the aggregated platelets were mostly in 
active molecular states. On the other hand, phosphorylation 
of Y527-Src (p527) was still detected in the aggregated 
platelets (black arrows in Fig.  45.2b ). Many aggregated 
platelets were double immunopositive for both Y418 and 
Y527 phosphorylations. These fi ndings indicate that Src in 
the aggregated platelets started partial activation at 5 min 
after the melanoma cell injection.

45.4        Visualization of Fibrin Formation 
in Paraffi n Sections 

 To verify such formation of  fi brin thrombu   s  , a specifi c  anti-
body   against  fi brin monomer  , F405 antibody, was used for 
 immunohistochemistry   in the lung tissues at 5 min after the 
 melanoma cell   injection. Fibrin monomers are the earliest 
reaction products of fi brin molecules derived from  fi brino-
gen  , and the F405 antibody is a specifi c monoclonal  antibody 
against them, which has been clinically used for enzyme-
linked immunosorbent assay (ELISA) as highly sensitive 
detection of DIC for human plasma samples [ 11 ]. Common 
 microwave   treatment in citrate buffer was essential to obtain 
immunoreactivity for the F405 antibody in  paraffi n  - embedded  
tissue sections, even for the IVCT-FS-prepared samples. 
Serial paraffi n sections of IVCT-prepared lung tissues, in 
which QDs had already been injected at 5 min after the 
melanoma cell injection, were immunostained for the fi brin 
monomer and fi brinogen (Fig.  45.3 ). In some  large blood 
vessel   s   stacked with  melanoma cells   (arrowheads in Fig.  45.3a ), 
fl uorescent QDs red in color were rarely detected (Fig.  45.3c ). 
However, in other  alveolar capillaries   connecting with large 

  Fig. 45.2    Immunostaining images of Src ( a ) 
and p527-Src ( b ) and double fl uorescent 
immunostaining image of p418-Src ( green  in 
 d ) and CD42c ( red  in  d ) with nuclear DAPI 
staining ( blue  in  d ). ( c ,  d ) The tissue sections 
were fi rstly immunostained and observed 
under a  confocal laser   scanning  microscope   
( d ) and subsequently stained with HE and 
observed under a light microscope ( c ).  Black 
arrowheads :  melanoma cell   s  ,  Black arrows : 
immune-positive reaction,  White double- 
arrowheads  :  platelet   aggregations,  White 
arrowhead : immunopositive regions for 
p418-Src inside platelet cell membranes 
shown by the CD42c immunostaining. Bars: 
25 μm in ( a ,  b ), 5 μm in ( c ,  d )       
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 blood    vessel   s  , QDs were clearly observed (white arrows in 
Fig.  45.3c ). The fi brin immunostaining was often detected as 
spotty patterns between melanoma cells in the large blood 
vessels (black arrows in Fig.  45.3b ). In the blood vessels, 
where fi brin was positively immunostained, the immunore-
action intensity of fi brinogen was very strongly detected 
(black arrows in Fig.  45.3d ). The antibody against fi brinogen 
recognized fi brin and fi brinogen immunoreaction was widely 
positive in all fi brin-immunopositive areas, suggesting initia-
tion of fi brin formation. Thus, the initial compact products of 
fi brin thrombus as well as fi brinogen accumulation were 
morphofunctionally visualized in the blood vessels of mela-
noma cell metastasis by IVCT.

45.5        Conclusion 

 Recently, bioimages of  cancer   cell invasion and proliferation 
in living animal bodies have been clearly demonstrated with 
some  intravital imaging   techniques [ 17 ,  18 ]. Therefore, the 
present bioimaging technique with IVCT could provide 
information on the mechanisms of thrombosis and hemosta-
sis in tissue sections refl ecting  living state   s  , which will be 
compatible with intravital imaging of living animal lungs. It 
has been supposed that temporary adhesion of cancer cells to 
 blood    vessel   walls usually occurs in a couple of seconds, as 
revealed by a live-imaging technique [ 19 ]. In the present study, 

within 5 s of the  melanoma cell   injection, rapid histological 
events such as the intrusion and stacking of  melanoma cells   
in  blood vessels  , probably refl ecting their temporal attachment 
to the blood vessel walls, were quickly captured. In another 
report concerning the stable adhesion of cancer cells to the 
vascular walls, colon cancer cells needed more than 10 s 
[ 19 ]. In our study, at 1 min after the melanoma cell injection, 
stacking and attachment of melanoma cells within blood 
 vessels were clearly detected, it would be very signifi cant to 
compare them with those revealed by the live-imaging 
technique. This text is mainly quoted from Reference [ 20 ].     
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      Differential Distribution of Blood- 
Derived Proteins in Xenografted Human 
Adenocarcinoma Tissues       
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    Abstract  

  Tumor behavior depends on the complex tumor interstitium and microenvironment, which 
infl uence transport of fl uid and soluble molecules from blood vessels. The purpose of this study 
was to reveal how complex tumor tissues affect the immunodistribution of serum proteins and 
time-dependent translocation of bovine serum albumin (BSA) from blood vessels, using rela-
tively differentiated human adenocarcinoma produced by the xenografted A549 cell line. 
Histological architecture and immunodistribution of the serum proteins in adenocarcinomatous 
tissues were clearly detected by the in vivo cryotechnique and cryobiopsy. Both albumin and 
IgG1 were detected in blood vessels, connective tissues around the tumor mass, and the inter-
stitium among tumor cell nests. IgM was mainly detected in blood vessels and connective tis-
sues around the tumor mass but was not detected in the interstitium among the tumor cell nests. 
At 10 or 30 min after BSA injection, BSA was observed only in blood vessels, but 1 h after the 
injection, it was also detected in the interstitium and surrounding connective tissues of the 
tumor mass. The present fi ndings showed topographic variation of molecular permeation in the 
adenocarcinomatous tumor mass. The interstitial tissues with augmented permeability of serum 
proteins would increase accessibility of tumor cells to blood-derived molecules.  
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46.1         Introduction 

 Tumor behavior, such as development, progression, and metas-
tasis, is affected by the complex  tumor    interstitium   and the 
 microenvironment  , which are determined by various factors, 
including matricial structures,  blood   or lymphatic vasculature, 
and interstitial cells [ 1 ,  2 ]. The transport mechanism of soluble 
molecules from  blood vessel   s   through interstitial spaces has 
been examined using various extrinsic components circulating 
in the blood vessels [ 3 ,  4 ]. Diffusion of macromolecules varies 
among different types of tumors or their surrounding microen-
vironments [ 3 ,  5 ], and it remained to be elucidated how histo-
logical architecture and tumor differentiation affect the 
molecular transport from blood vessels into tumor tissues. 
Immunohistochemical analyses of  serum    protein   s   in a rela-
tively differentiated  human adenocarcinoma   produced by the 
xenografted  A549 cell line   were performed with IVCT.  

46.2     Immunolocalization of Intrinsic 
Serum Proteins in Xenografted Lung 
Adenocarcinoma Tissue 

 Figure  46.1  showed the clear immunodistribution in vivo of 
 serum    protein   s   in different tissue areas of the adenocarcino-
matous  tumor   mass. In particular, molecular permeation 
through interstitial connective tissues exhibited topographic 
variations in the case of  IgG1   or  IgM  , suggesting more com-
plex interactions of adenocarcinomatous cells and their 
interstitial matrix, which probably modulate local microen-
vironments [ 6 ,  7 ]. In contrast,  mouse albumin  , with small 
molecular weight, was easily distributed throughout the 
tumor tissues. The transport mechanism of serum proteins 
throughout the interstitial matrix of tumor tissues would be 
associated with matrix structures, molecular size and charge 
of  soluble component   s  , and vascular architecture.

46.3        Immunodistribution of Extrinsic BSA 
in Xenografted Lung 
Adenocarcinoma Tissue 

 The examination of the  injected BSA   is important to know 
how soluble  serum   components pass through  blood    vessel   s   
and diffuse into the  tumor   connective tissues. BSA was 
mostly immunolocalized within blood vessels in 10 and 
30 min after injection (see Fig.  46.2d–i ), but it was diffusely 
immunolocalized throughout the tumor  interstitium   in 1 h. 
Our fi ndings in the present study were nearly in agreement 
with some previous data shown by live imaging with intra-
vital or  confocal laser   scanning  microscopy   [ 8 ], indicating 
that the BSA leaked out into the interstitial spaces quickly, 
within 1 h. Although another study reported that no differ-
ence of molecular  leakage   was seen among the different 
types of tumors [ 3 ], the relative rate of BSA leakage into the 
tumor interstitium might be signifi cantly changed within the 
tumor tissues, which would partly depend on the different 
molecular structures of interstitial matrices and functions of 
blood vessels [ 9 ,  10 ] or variously elevated interstitial fl uid 
pressures [ 11 ,  12 ]. This morphofunctional discrepancy in 
the tumor tissues was directly visualized by the injected 
BSA in living mice.

46.4        Concluding Remarks 

 Functional morphology of  tumor   cells or tissues and also 
 immunolocalization   of  serum    protein   s   were more clearly 
detected in the relatively differentiated human A549 adeno-
carcinoma by IVCT, which can more clearly refl ect their  liv-
ing state   s   in vivo. The present fi gures were already published 
in our paper, Med Mol Morphol (2011) 44:93–102, and cited 
with their permissions.     
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  Fig. 46.1    Light micrographs of serial paraffi n sections prepared by 
IVCT and stained with H&E (HE,  a – c ) or immunostained for  albumin   
( d – f ),  immunoglobulin    G   1   ( IgG1  ,  g – i ), or  immunoglobulin M   ( IgM  , 
 j – l ). Note different immunostaining intensities of  serum    protein   s   in the 
 interstitium   between  tumor   cells ( e ,  h ,  k ). In the tumor cell nests ( e ,  h , 
 k ), albumin and IgG1 are more obviously immunolocalized ( black 
arrows ,  e  and  h ), as compared to IgM immunostaining ( black arrows , 

 k ). ( f ,  i ,  l)  Immunoreactivities of albumin, IgG1, and IgM are detected 
in the interstitium between tumor cells ( black arrows ). ( d – l)  All three 
serum proteins are also immunolocalized in  blood    vessel   s   ( arrowheads ) 
and connective tissues around the tumor mass ( white asterisks ), but dif-
ferent intensities of immunoreactivities for three proteins are seen in 
connective tissues invading beyond the tumor capsule ( white arrows ). 
 Black asterisks , glandular organization.  Bars  50 μm       
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  Fig. 46.2    Double-immunofl uorescence micrographs of  albumin   
( green ) and intravenously injected  bovine serum albumin   (BSA) ( red ) 
with nuclear staining (Topro3;  blue ) in  cryosections   prepared by IVCT: 
control ( a – c ), and 10 min ( d – f ), 30 min ( g – i ), 1 h ( j – l ), or 24 h ( m – o ) 
after the BSA injection.  Arrowheads  indicate  blood    vessel   s  . ( d – i)  In 10 

and 30 min, BSA immunoreactivity is seen only in blood vessels 
( arrowheads ). ( j – o)  In 1 and 24 h, however, it is also detected in the 
 extracellular space   s   between  tumor   cells ( small arrows  in  insets ) and 
connective tissues around the tumor mass ( asterisks ).  Bars  60 μm       

 

Y. Bai et al.



245

   References 

    1.    Jain RK (1987) Transport of molecules in the tumor interstitium: a 
review. Cancer Res 47(12):3039–3051  

    2.    Liotta LA, Kohn EC (2001) The microenvironment of the tumor 
host interface. Nature (Lond) 411(6835):375–379  

      3.    Netti PA, Berk DA, Swartz MA, Grodzinsky AJ, Jain RK (2000) 
Role of extracellular matrix assembly in interstitial transport in 
solid tumors. Cancer Res 60(9):2497–2503  

    4.    Dreher MR, Liu W, Michelich CR, Dewhirst MW, Yuan F, Chilkoti 
A (2006) Tumor vascular permeability, accumulation, and penetra-
tion of macromolecular drug carriers. J Natl Cancer Inst 
98(5):335–344  

    5.    Pluen A, Boucher Y, Ramanujan S, McKee TD, Gohongi T, di 
Tomaso E, Brown EB, Izumi Y, Campbell RB, Berk DA, Jain RK 
(2001) Role of tumor–host interactions in interstitial diffusion of 
macromolecules: cranial vs. subcutaneous tumors. Proc Natl Acad 
Sci U S A 98(8):4628–4633  

    6.    Bhowmick NA, Neilson EG, Moses HL (2004) Stromal fi broblasts 
in cancer initiation and progression. Nature 432(7015):332–337  

    7.    Cunha GR, Hayward SW, Wang YZ, Ricke WA (2003) Role of the 
stromal microenvironment in carcinogenesis of the prostate. Int J 
Cancer 107(1):1–10  

    8.    Jain RK (2012) Delivery of molecular and cellular medicine to 
solid tumors. Adv Drug Deliv Rev 64(Suppl):353–365  

    9.    Jain RK (2003) Molecular regulation of vessel maturation. Nat Med 
9(6):685–693  

    10.    Tilki D, Kilic N, Sevinc S, Zywietz F, Stief CG, Ergun S (2007) 
Zon-especifi c remodeling of tumor blood vessels affects tumor 
growth. Cancer 110(10):2347–2362  

    11.    Less JR, Posner MC, Boucher Y, Borochovitz D, Wolmark N, Jain 
RK (1992) Interstitial hypertension in human breast and colorectal 
tumors. Cancer Res 52(22):6371–6374  

    12.    Yang AD, Bauer TW, Camp ER, Somcio R, Liu W, Fan F, Ellis 
LM (2005) Improving delivery of antineoplastic agents with 
antivascular endothelial growth factor therapy. Cancer 103(8):
1561–1570    

46 Differential Distribution of Blood-Derived Proteins in Xenografted Human Adenocarcinoma Tissues



   Part VII 

   New Cryobiopsy Invention        



249© Springer Japan 2016
S. Ohno et al. (eds.), In Vivo Cryotechnique in Biomedical Research and Application 
for Bioimaging of Living Animal Organs, DOI 10.1007/978-4-431-55723-4_47

      Morphological and Histochemical 
Analysis of Living Mouse Livers by New 
“Cryobiopsy” Technique       

     Yasuhisa     Fujii      ,     Nobuhiko     Ohno    ,     Nobuo     Terada    , 
and     Shinichi     Ohno   

    Abstract  

  A new “cryobiopsy” (CB) technique has been invented and applied for mice livers in vivo 
without stopping their blood circulation. They were routinely freeze-substituted in acetone 
containing fi xatives for light microscopy (LM) or freeze-fractured before freeze substitu-
tion for scanning electron microscopy (SEM). Serial paraffi n sections were stained with 
hematoxylin-eosin (HE) or histochemical periodic acid-Schiff (PAS) reaction. By 
HE-staining, the tissue surface areas were often compressed and sinusoidal erythrocytes got 
aggregated side by side. But in a little deeper tissue areas, hepatic sinusoids were widely 
open with fl owing erythrocytes. Lots of PAS-reaction products were well preserved in hepa-
tocytes of the CB specimens. To the contrary, they were unevenly distributed in hepatocytes 
of conventionally quick-frozen specimens or often lost in those of conventional dehydrated 
specimens. By SEM, some cell organelles, open Disse’s spaces, and bile canaliculi appeared 
under normal blood circulation samples. The new CB technique would be useful for exam-
ining time-dependent morphological changes of functioning organs, including the livers, 
from an identical living animal.  

  Keywords  

   Cryobiopsy     •   Freeze substitution   •   Quick freezing   •    PAS   reaction   •   Scanning  electron 
microscopy    

47.1         Introduction 

 The conventional fi xation and  dehydration   for light or  elec-
tron microscopy   give some effects on  functional morphology   
or  distribution   of molecular components in living animal tis-
sues. So, the conventional  cryofi xation   techniques have been 
used for keeping the living animal’s morphology [ 1 – 5 ] and 
improving the preservation of antigenicity and soluble ion 
localization [ 6 – 9 ]. But this technique has its own limitation, 
because animal tissues must be isolated from normal  blood   
 circulation   to expose ischemic and  anoxic   conditions. The 
“ in vivo cryotechnique  ” (IVCT) was already developed for 
analyzing the functioning states of  living animal organ   s  . We 
already reported that the  fl owing erythrocyte   shapes in 
mouse  hepatic sinusoid   s   [ 10 ],  large blood vessel   s   [ 11 ], and 
 red pulp   of  spleens   [ 12 ] were clarifi ed by the IVCT in 
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 combination with  freeze substitution   for SEM and function-
ing  glomerular capillary loop   s   [ 13 ],  smooth muscle cell   s   
[ 14 ], and pulmonary alveoli of living mice [ 15 ] examined for 
transmission electron  microscopy   (TEM) or replica  immu-
noelectron microscopy  . 

 Recently, the IVCT combined with  immunohistochemis-
try   also became a new tool for analyzing  serum    protein    leak-
age   of mouse cerebellar capillaries [ 16 ] or serum protein 
passage through  glomerular capillary loop   s   by light  micros-
copy   [ 17 ]. The IVCT cannot get a series of time-dependent 
specimens from an identical mouse under different experi-
mental conditions. The new “ cryobiopsy  ” (CB) technique 
has been invented, by which we will get a series of  liver   
 tissues of living mice, prepared for  freeze substitution   in 
combination with SEM or LM.  

47.2     Morphology of Living Mouse Livers 
Prepared by Different “Biopsy” 
Techniques 

 It has been known that the morphological changes caused by 
stopping  blood    circulation   into animal organs depend on the 
time interval between tissue resection and conventional 
quick freezing [ 13 ]. The  CB forcep   metal cup precooled with 
liquid nitrogen was pinching off fresh mouse  liver   tissues 
[ 18 ]. They were freeze-substituted with acetone containing 
fi xatives at about −80 °C for LM. 

 By  HE-staining   with the CB technique, well-frozen areas 
at a light microscopic level were obtained within 350–
400 μm deep from the frozen tissue surface. In the upper 
surface areas,  sinusoids   were widely open and congested 
with  erythrocytes   (Fig.  47.1a , small arrows). However, in the 
deeper areas,  central vein   s   were widely open (Fig.  47.1a ; 
CV). On the other hand, by common “biopsy” followed by 
quick freezing (Fig.  47.1d ) or  immersion fi xation   of resected 
tissues (Fig.  47.1e ), sinusoidal cavities became collapsed 
with or without erythrocytes. By HE-staining of the CB 
specimens,  hepatocyte   nuclei were larger and the cytoplasm 
was heavily stained with eosin (Fig.  47.1a ). In the  quick- 
freezing     specimens (Fig.  47.1d ), the sinusoidal cavities were 
collapsed, and hepatocyte nuclei were also large, but eosin 
staining became weaker. By the common immersion fi xation 
(Fig.  47.1e ),  hepatocytes   got shrunken with extraction from 
their cytoplasm, and sinusoidal cavities were dramatically 
changed, but hepatocyte nuclei were also stained with the 

hematoxylin dye (Fig.  47.1e ). Therefore, the CB technique 
would be a useful tool for examining functioning  liver   
tissue.

47.3         PAS  -Staining of Mouse Livers by 
Different “Biopsy” Techniques 

 For preparing the common “biopsy” and immersion-fi xed 
specimens for light  microscopy  , extracellular and intracellu-
lar components were easily leaked out or moved with 
mechanical compression forces or  dehydration   and embed-
ding steps [ 19 ]. In the CB specimens,  PAS  -reaction  product   s   
were strongly and homogeneously recognized in the cyto-
plasm of  hepatocytes   (Fig.  47.1f–h ). However, they were 
heterogeneously observed in the conventional  quick-freezing   
(QF)  liver    hepatocyte   cytoplasm (Fig.  47.1i , small arrows). 
On the other hand, by conventional  immersion fi xation   and 
dehydration samples, PAS-reaction products were weakly 
observed in most of hepatocyte cytoplasm (Fig.  47.1j , small 
arrows). So, the CB technique would be a useful tool for 
examining  soluble component   s  .  

47.4     Morphology of Living Mouse Livers 
by the CB Technique for SEM 

 By  in vivo cryotechnique  , the sinusoidal  erythrocytes   could 
be cryoimmobilized in vivo with various shapes in  blood   
 vessel   s  , as reported before [ 10 ,  11 ]. At the initial contact 
surface of freeze-fractured CB  liver   tissues, some erythro-
cytes were compactly localized in the hepatic sinusoids and 
the Disse’s space was not clearly open (Fig.  47.2a ). To the 
contrary, open hepatic  sinusoids   and  fl owing erythrocyte   s   
were clearly observed in slightly deeper areas with Disse’s 
spaces (Fig.  47.2b ). The morphology of freeze-fractured 
 hepatocytes   showed nuclei, many globular mitochondria, 
and endoplasmic reticulum in their cytoplasm (Fig.  47.2c ). 
At higher magnifi cation, freeze-fractured mitochondria (M) 
and endoplasmic reticulum (ER) were clearly observed in 
the hepatocytes (Fig.  47.2c , inset). The Disse’s spaces were 
covered with sinusoidal  endothelium   and  hepatocyte   surface 
with  microvilli   (Fig.  47.2c , asterisk). In some areas of 
Disse’s spaces, hepatocyte cell membranes were slightly 
separated from each other, which reached deeper near  bile 
canaliculi   (Fig.  47.2c , small arrows). The CB samples 
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  Fig. 47.1    Light micrographs of HE- and  PAS  -stained  liver   tissues by 
various preparation methods. With HE-stained CB liver tissues at sur-
face area, congested  erythrocytes   are observed ( a :  small arrows ,  b : 
 large arrows ), but open sinusoidal space and  fl owing erythrocyte   s   are 
observed in slightly deeper areas ( a :  arrowheads ,  c :  small arrows ,  CV  
 central vein  ). Eosin-stained congested erythrocytes ( d :  large arrows ) 
and weak hematoxylin-stained large  hepatocyte   nuclei are observed 
by the QF liver tissues ( d :  small arrows ). HE-stained hepatocyte cyto-
plasm along cell membranes is observed by the IF liver tissue ( e : 
 arrows ).  PAS-reaction product   s   are strongly and homogeneously 

observed throughout the hepatocyte cytoplasm in the surface area of 
CB specimen ( f :  small arrows  and  arrowheads ,  h :  small arrows ,  h : 
 large arrows ; open  sinusoid  ). In slightly deeper area of the CB speci-
men, hepatocellular cord with strong PAS-reaction products is clearly 
observed ( g :  arrows ). Strong but heterogeneous PAS-reaction prod-
ucts are observed in the QF hepatocyte cytoplasm ( i :  arrows ). Weakly 
and unevenly PAS-reaction products are observed in the IF  hepato-
cytes   ( j :  small arrows ; weak,  large arrows ; strong). ( a ,  f ) and ( g ) 
Bars: 50 μm. ( b ,  c ,  d ,  e ,  h ,  i ) and ( j ) Bars: 20 μm (Adapted from Fujii 
et al. [ 18 ])       

 

47 Morphological and Histochemical Analysis of Living Mouse Livers by New “Cryobiopsy” Technique



252

applied to freeze- fracture technique for SEM, functioning 
three-dimensional structure, would be examined in living 
animal livers.

47.5        Concluding Remarks 

 By the “ cryobiopsy  ” (CB) technique for living mouse tis-
sues, which was combined with  freeze substitution  , we were 
able to examine morphological and histochemical observa-
tions with light or scanning  electron microscopy  . Moreover, 
only small specimens of living animals are cryofi xed, so we 
can continue the time-dependent examination in an identical 
animal. So, the CB technique is a simple and powerful  cryo-
fi xation   tool to study functioning livers in the future.     
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      Recent Development of In Vivo 
Cryotechnique to Cryobiopsy for Living 
Animals       

     Nobuhiko     Ohno      ,     Nobuho     Terada    , and     Shinichi     Ohno   

    Abstract  

  Tissue resection or perfusion fi xation in conventional procedures causes ischemic or anoxic 
artifacts. In vivo cryotechnique (IVCT) has been used to overcome these problems and 
study the distribution of soluble molecules without ischemic/anoxic artifacts at high time 
resolution. There are some limitations of IVCT; the target organs of living small animals 
need to be exposed, and tissues adjacent to the target organs are inevitably damaged by 
poured isopentane-propane cryogens. A new cryotechnique, “cryobiopsy,” enables acquisi-
tion of tissue specimens of larger animals without anoxia/ischemia with technical advan-
tages similar to those of IVCT. Live-imaging techniques could be complemented by IVCT 
and cryobiopsy, and cryofi xation can preserve all components in frozen tissue specimens. 
Thus, IVCT and cryobiopsy followed by freeze substitution for light or electron microscopy 
will provide more precise morphofunctional information in vivo on tissue sections, and also 
they can be combined with other analytical methods, such as Raman microscopy, freeze- 
fracture replication, and X-ray microanalyses. The merits of IVCT and cryobiopsy will be 
underscored in the applications to other microscopic fi elds and experimental animal studies 
in clinical medicine.  

  Keywords  
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48.1         Introduction 

 Improvement in various fi xation or  dehydration   steps has 
been considered in examination of morphology and molecu-
lar  distribution   at the light or electron microscopic levels 
in the biological and medical fi elds. However, technical 
 problems including molecular movement, structural altera-
tions, and  anoxic   modifi cation of cells were yielded in the 
conventional  chemical fi xation   or quick freezing of resected 
tissues [ 1 – 5 ]. Live-imaging of structural or molecular com-
ponents under confocal or multiphoton laser scanning 
microscopes is now an effective way to overcome such 
 problems [ 6 ,  7 ]. However, there are some limitations and 
drawbacks in the live-imaging [ 8 – 10 ]. 

 “In vivo  cryotechnique  ” (IVCT) has been another 
approach to observe the  functional morphology   of  living 
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 animal organ   s   [ 11 ,  12 ]. IVCT includes direct  cryofi xation   of 
target organs of anesthetized small animals in vivo and thus 
they are immediately embedded in  ice crystal   s   [ 13 ]. To avoid 
the  artifacts   on the  glomerular capillary loop   s   caused by 
 conventional fi xation methods with aqueous fi xatives, the 
fi rst study using IVCT was done in mouse kidneys to observe 
ultrastructural changes of dynamic glomerular capillary 
loops under different  hemodynamic condition   s   [ 14 – 16 ]. In 
subsequent studies, IVCT was applied to the ultrastructural 
and immunohistochemical analyses of morphology and 
molecular  distribution  /changes in cells and tissues at the 
electron and light microscopic levels. Recently, “ cryobi-
opsy  ” has been developed to examine time-dependent phe-
nomenon of organs in single living animals, including 
humans [ 17 ]. In the subsequent parts, characteristics of 
IVCT and cryobiopsy, which are summarized in Table  48.1 , 
are reviewed with particular emphasis on the light micro-
scopic observation [ 18 ].

48.2        Detection of Soluble Components 
in Living Animal Organs 

 Serum  albumin   and  immunoglobulin    G   (IgG)    were clearly 
detected in  blood    vessel   s   but not in parenchyma of living 
mouse  cerebellum   under normal conditions [ 5 ]. The  serum   
 protein   s   were detected also in the brain parenchyma around 
the blood vessels when the specimens were quickly frozen 
after resection. The difference of serum protein  immunolo-
calization   was attributed to their rapid  leakage   across the 
 blood–brain barrier   caused by  anoxia  / ischemia  . In addition, 
the immunoreactivity of serum proteins was drastically 
reduced with transcardial  perfusion   fi xation followed by 
alcohol  dehydration  , indicating that the serum proteins were 
washed out during perfusion [ 5 ]. Later studies also demon-
strated that the in situ localization of serum proteins and 
soluble molecules, including  glycogen  , was signifi cantly 
affected by conventional fi xation methods but well main-
tained with IVCT [ 19 – 22 ]. The previous studies suggest that 
preservation of soluble molecules in living animals is one of 
the important benefi ts of IVCT under the light microscopic 
observation [ 23 ]. 

 The  soluble component   s   are easily translocated or lost 
during tissue preparation procedures of  chemical fi xation   
methods. Thus, freeze substitution was considered more 

effective to preserve localization of such soluble molecules 
[ 24 ,  25 ]. It is possible that the freeze substitution completed 
by the  organic solvent  s at  low temperature  s decreases diffu-
sion and loss of the soluble molecules in cells and tissues 
[ 26 ]. The soluble components are cross-linked by fi xatives in 
the organic solvents to avoid translocation. This  cross- 
linkage     may result in enhanced immunoreactivity, compared 
with chemical fi xation methods [ 27 ]. Loosening of intermo-
lecular and intramolecular cross-linkage may also facilitate 
access of  antibodies   to the epitopes and enhances immunore-
activity following  quick-freezing    method  s [ 28 ,  29 ]. IVCT 
would be the most suitable approach in case ischemic/ anoxic   
stress can produce serious effects in morphology as well as 
molecular localization in cells and tissues of living animals.  

48.3     High Time Resolution of Molecular 
Localization 

 Since the time duration required for complete fi xation which 
would include time for penetration and chemical reaction for 
 cross-linkage   [ 30 ] is unclear in  chemical fi xation   methods, 
rapid changes of morphology and molecular  distribution   are 
generally diffi cult to capture. On the other hand, immediate 
immobilization of the target molecules at the moment of 
freezing is possible by  cryofi xation  . A study which  effectively 
showed this property of cryofi xation was related to the rapid 
 phosphorylation   of  rhodopsin   [ 31 ]. The study demonstrated 
that 30 s exposure of mouse  retina   to light after dark adapta-
tion, but not 10 s exposure, dramatically increased the 
 immunoreactivity of rhodopsin phosphorylated at  334 Ser. 
Since some molecular components can be immunohisto-
chemically detected with quick freezing and freeze substitu-
tion better compared with other conventional methods, IVCT 
would be a useful approach in analyses of dynamic and rapid 
 molecular change   s   in sections of  living animal organ   s  .  

48.4     Dynamic Morphology Under Different 
Hemodynamic Conditions 

 In conventional  perfusion    fi xation   methods, perfusion 
 pressure needs to be regulated for morphofunctional studies 
since the pressures of perfusion can affect the morphology of 
 living animal organ   s   [ 30 ,  32 ]. In resected tissues, the  blood   

   Table 48.1    Advantages and limitations of the “ in vivo cryotechnique  ”   

 Advantages  Limitations 

 1. Reduction of ischemic/ anoxic    artifacts   by direct  cryofi xation    1. Preferred exposure of target organs for increasing regions without 
visible  ice crystals      

 2. High time resolution by immediate freezing of tissues in situ  2. Restricted sample regions good for observation, due to  ice crystal   
 formation   

 3. Maintenance of precise localization of  soluble components       3. Extraction of lipid- soluble components      due to freeze substitution 
with  organic solvents   
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 circulation   is essentially stopped and most  blood vessel   s   col-
lapse before completion of fi xation [ 23 ]. With IVCT, func-
tioning organs of living animals can be directly cryofi xed 
without perfusion or tissue resection to capture dynamic 
changes under different  hemodynamic condition   s   [ 12 ,  33 ]. 
This merit of IVCT was clearly shown in kidneys and livers 
at the light microscopic level [ 19 – 21 ]. Molecular markers 
facilitated histological analyses of blood or lymphatic  vessels 
under physiological and pathological conditions [ 34 – 36 ]. 
Extrinsic molecules such as  fl uorescent dye   s   are useful to 
visualize the  functional morphology   and  permeability   of 
blood vessels, and IVCT followed by freeze substitution 
would well maintain those soluble molecular markers [ 37 –
 40 ]. IVCT would also be useful to visualize alterations of 
intramembranous components in  fl owing erythrocyte   s   [ 41 ]. 
In conclusion, one of technical advantages of IVCT which is 
distinct from conventional tissue preparation methods is the 
rapid preservation of morphology and molecular 
conformation.  

48.5     Morphological Comparison 
with the Other Tissue Preparation 
Methods 

 In specimens prepared with IVCT, tissue areas which can be 
observed without visible  ice crystal   s   are restricted within a 
few hundred micrometers at the light microscopic level and 
several micrometers at the electron microscopic level from 
the frozen tissue surface [ 5 ,  12 ]. This limitation of observ-
able areas is common in the other  quick-freezing    method  s 
[ 42 ], although with immersion fi xation, the slow penetration 
of  chemical fi xative   s   also causes postmortem  artifacts   in 
deeper areas [ 30 ]. It is important to check the presence of 
visible ice crystals in cryofi xed specimens, e.g., with 
hematoxylin- eosin staining. 

 Exposure of target organs under anesthesia helps effi cient 
 cryofi xation   with IVCT, since tissue areas without visible  ice 
crystal   s   can be maximized by direct contact of the  liquid 
cryogen   and the  cryoknife   to target organs [ 12 ]. In addition, 
excessive body fl uid or unnecessary  blood   on the tissue 
 surface needs to be removed by wiping or washing prior to 
freezing, since they also prevent direct contact of  isopentane  - 
propane  (IP)  cryogen   and impair the image quality of cryofi xed 
specimens due to  ice crystal formation   [ 13 ]. Conventional 
 quick-freezing    method  s do not require the exposure of target 
organs in situ, but tissue specimens are removed and cut into 
small pieces prior to freezing. 

 Immunohistochemistry conditions need to be optimized 
when tissue specimens are prepared with  cryofi xation   
 followed by freeze substitution. Although soluble molecules 
are well retained and their stronger immunoreactivity can be 
observed after cryofi xation, hydrophobic molecules in lipid 

membranes may not be well preserved during freeze 
 substitution with acetone [ 43 ]. Most  antibodies   available in 
conventional  chemical fi xation   can be used for specimens 
prepared with cryofi xation and freeze substitution, although 
abundant soluble molecules may be maintained to hinder 
epitopes. In staining of such hindered epitopes, smaller 
probes, such as chemicals for histological staining, may 
enhance the staining, as shown in the glomerular  basement 
membrane   of mouse kidneys [ 44 ]. Antibodies which do not 
work well with chemical fi xation and  alcohol dehydration   
can be successfully used on  cryosections   [ 45 ].  

48.6     Capturing Time-Dependent 
Morphology 

 IVCT immobilizes every component in vitreous  ice crystal   s   
and is useful to capture quickly changing tissue and cellular 
morphology under normal  blood    circulation  . IVCT is not a 
method to examine the time-lapse changes in single target 
organs of living animals. However, different functional or 
structural molecules on serial or same sections can be 
 simultaneously analyzed. In addition, these molecules can be 
observed in the context of the histological structures. 
Therefore, combination of IVCT and other methods, such as 
 intravital imaging  , freeze-fracture replication, or X-ray 
microanalyses for  electron microscopy  , will be effective to 
obtain novel information about  living animal organ   s   [ 41 ,  46 ]. 
One of the examples is the combination of IVCT and  Raman 
microscopy  , which showed the different molecular organiza-
tion of the mouse  retina   [ 47 ]. Various morphofunctional 
information can be obtained from the iced blocks depending 
on the procedures employed after IVCT.  

48.7     New Development and Improvement 
of  Cryobiopsy   

 It is challenging to use IVCT in larger animals including 
humans, since the liquid  IP cryogen   poured over the target 
organs also touches adjacent tissues and causes severe freez-
ing damage. To solve these problems, a new  cryotechnique  , 
named “ cryobiopsy  ,” was recently developed by utilizing a 
home-made device,  cryoforceps   [ 17 ].  Cryobiopsy   did not 
kill the host mice but revealed open  sinusoids   and  fl owing 
erythrocyte   s  , as observed with IVCT [ 17 ,  48 ]. There were 
tissue areas with compression deformation around the tissue 
edges of the cryoforceps, but the areas adjacent to such 
 compressed tissues reveals native morphology [ 17 ,  39 ]. 
Cryobiopsy can be used to obtain specimens from larger ani-
mals including humans with minimal  ischemia  / anoxia   and 
would contribute to new pathological analyses in  clinical 
medicine  .  
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48.8     Concluding Remarks 

 IVCT has been widely used in studies dealing with various 
organs of living animals, both at the electron and light micro-
scopic levels. IVCT should be applied to not only standard 
microscopic analyses but also new analytical fi elds which 
involve animal experimental models as well as materials in 
 clinical medicine  . New devices, such as gastric endoscopes 
with  cryoforceps   and cooling system, are needed to effi ciently 
apply the  cryobiopsy   system to the human biopsy.     
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      Significance of Cryobiopsy 
for Morphological 
and Immunohistochemical Analyses 
of Xenografted Human Lung Cancer 
Tissues and Functional Blood Vessels       
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    Abstract  

  To overcome the problems of artifacts in the conventional immersion-fi xation and dehy-
dration method (IMDH), cryobiopsy and “in vivo cryotechnique” (IVCT), where target 
organs are directly cryofi xed in vivo, were used for the analyses of microenvironment and 
histological architectures in xenografted human lung cancer tissues. The results revealed 
that tissue morphology, such as cellular organelles, and open blood vessels with fl owing 
erythrocytes were clearly observed without artifi cial shrinkage using cryobiopsy and 
IVCT. By contrast, blood vessels were all collapsed following tissue resection in conven-
tional methods. With cryobiopsy and IVCT, intravenously injected bovine serum albumin 
(BSA) clearly visualized functional blood vessels containing immunoglobulin M (IgM). 
The expression of vascular endothelial growth factor (VEGF) was correlated with the 
volume of blood vessels positive for IgM. The histological analyses of human tissues 
with cryobiopsy as well as IVCT will be useful to avoid artifacts inevitable in 
IMDH. Functional blood vessels along with relevant signal transduction would be pre-
cisely examined with cryobiopsy as well as IVCT to clarify microenvironment of the 
human tumors in clinical medicine.  

  Keywords  

   Blood vessel   s     •   Cryopreservation   •   Histology   •   Ischemia   •   Microenvironment  

49.1         Introduction 

 The “ in vivo cryotechnique  ” (IVCT), where  liquid cryogen   
is poured over the  living animal organ   s   for direct  cryofi xa-
tion  , has been applied to various living animal organs to 
avoid  artifacts   in conventional tissue preparation methods 
which are caused by  perfusion   pressure and  ischemia  / anoxia   
[ 1 ,  2 ]. In IVCT, all components in the living animal organs 
can be immediately frozen and maintained in the tissue spec-
imens in situ. Therefore, quick alterations of signal mole-
cules or translocation of  soluble component   s   can be precisely 
analyzed [ 3 – 6 ]. On the other hand, one problem of IVCT is 
that the poured cryogen essentially causes freezing damage 
to adjacent tissues. “ Cryobiopsy  ,” where target organs are 
rapidly pinched off using “ cryoforceps  ” precooled in liquid 
nitrogen, is a method developed to surpass this problem [ 7 ]. 
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Cryobiopsy is expected to be available in the  clinical 
medicine  . 

 The behavior of solid tumors is signifi cantly affected by 
their  microenvironment   [ 8 – 10 ]. The  tumor   microenviron-
ment has been evaluated on sections prepared with conven-
tional methods, including  chemical fi xation   and  dehydration  . 
The histopathological observations obtained from the con-
ventionally prepared sections are mostly infl uenced by  tech-
nical artifact   s  , such as tissue damages and postmortem 
changes [ 11 ,  12 ]. Such  artifacts   may signifi cantly modulate 
the analyses of the tumor microenvironment, which could be 
spatially variable in tumor masses [ 13 – 15 ].  

49.2     Differences Among  Cryobiopsy   
and Other Preparation Methods 

 A xenografted nude mouse model of human non-small cell 
 lung cancer   was used to clarify the advantages of  cryobiopsy   
and IVCT in the analyses of  tumor   histopathology and 
 microenvironment   [ 16 ]. Three lines of human lung  cancer   
cells (EBC-1, Lu65, and Lu99) were subcutaneously injected 
to dorsal fl ank of nude mice. After the tumor volume reached 
1000 mm 3 , cryobiopsy or IVCT followed by  freeze- 
substitution     was performed as previously described [ 7 ,  17 ]. 
For comparisons,  quick-freezing   of the fresh resected tumor 
tissues followed by freeze-substitution (FQF) and conven-
tional  immersion-fi xation   followed by  alcohol dehydration   
(IMDH) were performed. 

 In the  cryobiopsy  , the regions around the periphery of dis-
coid tissue specimen need to be excluded from analyses since 
they were deformed by compression by the  cryoforceps   [ 16 ]. 
Although  ice crystal   formation   and cellular damage were obvi-
ous in deeper tissue regions, visible  ice crystals   were very few 
near the surface of the  tumor   tissues, and widely open  blood    
vessel   s   with  fl owing erythrocyte   s   were clearly observed (Fig. 
 49.1 ) [ 16 ]. With both cryobiopsy and IVCT, open blood ves-
sels with fl owing  erythrocytes   were well preserved, and tumor 
cell nuclei appeared large (Fig.  49.1 ).  Blood vessel   s   were all 
collapsed with FQF, presumably due to  ischemia  / anoxia   after 
tissue resection (Fig.  49.1 ). Congested erythrocytes could be 
found in many blood vessels, and the nuclei of tumor cells 
appeared to be condensed and shrunken with IMDH (Fig. 
 49.1 ). Furthermore, there were crescent void areas around the 
tumor cell nuclei with IMDH, which were attributed to the 
 artifacts   due to tissue  shrinkage   (Fig.  49.1 ).

   Preparation  artifacts   are common in  chemical fi xation   and 
 dehydration   methods, such as the formation of a chromatinic 
rim or  nuclear shrinkage   [ 18 ]. The artifacts, including cellu-
lar and nuclear aggregation and  shrinkage  , are prevented 
using  freeze-substitution   [ 19 ,  20 ]. The diagnosis and evalua-
tion of prognosis is often associated with the histological 
features of  tumor   tissues, such as nuclear size, nucleocyto-

plasmic ratio, pleomorphism, and cytoplasmic anisocytosis 
[ 21 – 23 ]. It is possible that the cryotechniques can preserve 
the nuclear, cellular, and tissue structures of living tumors 
and contribute to the clinical diagnosis with fewer artifacts. 

 The modifi ed Chalkley method was used to quantitatively 
measure the von Willebrand factor-positive  blood    vessel   vol-
ume on  paraffi n   sections [ 16 ]. The blood vessel volume in 
specimens prepared with IVCT or  cryobiopsy   was signifi -
cantly larger compared with FQF or IMDH. The signifi cant 
decrease in the blood vessel volumes was attributable to 
 ischemia   of  tumor   tissues which was inevitable upon tissue 
resection in FQF and IMDH. Evaluation of  blood vessels   can 
result in better estimates of clinical outcomes [ 24 ,  25 ]. The 
 technical artifact   s   of conventional tissue preparation meth-
ods may infl uence the blood vessel volume or density. 
 Cryobiopsy   and IVCT will support the histopathological and 
ultrastructural examination of blood vessels in tumors with-
out those  artifacts  .  

49.3     Visualization of  IgM  -Immunopositive 
Blood Vessels 

 With  cryobiopsy   and IVCT, the immunostaining for  IgM   in 
 tumor   tissues was restricted in  blood    vessel   s   with  fl owing 
erythrocyte   s   [ 16 ]. Abundant von Willebrand factor (vWF)-
immunopositive blood vessels were also observed in the 
same areas of serial sections. The IgM immunoreactivity was 
detected in some of the vWF-immunopositive blood vessels. 
In  cryosections   of the  xenograft   tumors, the intravenously 
 injected BSA   was clearly observed in blood vessels of the 
tumor tissues and capillaries of the capsular connective tis-
sues around the tumor periphery (Fig.  49.2 ) [ 16 ]. The BSA 
was localized in some of the blood vessels immunopositive 
for vWF and  collagen type IV   in the vascular  basement 
membrane   s   (Fig.  49.2 ). The immunoreactivity of BSA and 
IgM was detected in the same blood vessels of the tumor 
masses (Fig.  49.2 ). Therefore, the functional blood vessels 
with  blood circulation   can be visualized with IgM immuno-
reactivity in specimens prepared with both IVCT and cryobi-
opsy in the tumor tissues.

   The relationship between fewer  IgM  -immunopositive 
 blood    vessel   s   and hypoxic states in the  tumor   cells was exam-
ined with IVCT [ 16 ]. The  distribution   of the IgM- 
immunopositive blood vessels and VEGF expression, a signal 
factor induced by hypoxic stimuli, was compared [ 26 ]. Serial 
sections of tumor tissues stained with hematoxylin- eosin or 
immunostained for IgM, vWF, and VEGF showed that the 
distribution of IgM immunoreactivity and  erythrocytes   was 
similar and could represent  blood circulation   (Fig.  49.3 ). The 
immunostaining for vWF was observed throughout the 
tumors (Fig.  49.3 ). On the other hand, the distribution of 
VEGF showed a clear contrast to that for IgM (Fig.  49.3 ).
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  Fig. 49.1    ( a )–( c ) Light micrographs of a  xenograft   tumor   of Lu99 cells 
prepared with  cryobiopsy   show that there is little formation of  ice crystal   s   
( b ,  solid arrowheads ) and  fl owing erythrocyte   s   are clearly observed in 
 blood    vessel   s   ( b ,  solid arrow ) near the tissue surface ( a ,  solid arrows ). Ice 
crystals can be found in the deeper areas ( c ,  solid arrowheads ). ( d )–( k ) 
Xenografted tumors of EBC-1 cells prepared with cryobiopsy ( d ,  e ),  in 
vivo cryotechnique   (IVCT;  f ,  g ),  quick-freezing   of fresh resected tissues 
(FQF;  h ,  i ), or  immersion-fi xation   followed by  dehydration   (IMDH;  j ,  k ) 
show that open blood vessels ( d ,  f ,  solid arrows ) are clearly observed in 

regions near the tissue surface with cryobiopsy and IVCT ( d ,  f ,  open 
arrows ). Large pale tumor cell nuclei ( e ,  g ,  solid arrowheads ) and blood 
vessels ( e ,  g ,  open arrowheads ) with fl owing  erythrocytes   ( e ,  g ,  solid 
arrows ) are also obvious.  Blood vessel   s   are collapsed with FQF ( h ,  solid 
arrows ) near the frozen tissue surface ( h ,  open arrow ) and with IMDH ( j , 
 k ,  solid arrows ). Large tumor cell nuclei are present with FQF ( i ,  solid 
arrowheads ), but the tumor cell nuclei are smaller and surrounded by 
damaged tissue with IMDH ( k ,  solid arrowheads ). Bars 50 μm ( a ,  d ,  f ,  h , 
 j ) or 20 μm ( b ,  c ,  e ,  g ,  i ,  k ) (The fi gure is adapted from Ohno et al. [ 16 ])       
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  Fig. 49.2    ( a )–( c ) In the  cryosections   of a Lu99 cell  xenograft   tumor   pre-
pared using  in vivo cryotechnique  ,  bovine serum albumin   (BSA,  red ) is 
immunolocalized in  blood    vessel   s   ( solid arrowheads ) around the tumor 
masses (Tu) and occasionally leaked in the adjacent connective tissues 
( open arrows ). BSA immunoreactivity is also observed in blood vessels 
entering the tumor ( open arrowheads ). ( d )–( g ) BSA ( red ) is immunolo-
calized in some blood vessels ( open arrows ) positive for von Willebrand 
factor (vWF,  green ) but not in the other vWF-positive blood vessels 

( open arrowheads ). ( h )–( k ) BSA immunoreactivity ( blue ) in some blood 
vessels ( open arrows ) labeled with vWF ( green ) and  collagen type IV   α2 
 chain   ( red ) but not in others ( open arrowheads ). ( l )–( q ) Immunostaining 
for BSA ( l – n ) or  IgM   ( o – q ) in serial sections shows that BSA ( n ) and 
IgM ( q ) immunostaining appears similar in connective tissues around 
the tumor mass ( n ,  q ,  open arrows ) and blood vessels in the tumors ( n ,  q  
 open arrowheads ). Cellular nuclei are labeled with TOPRO3 ( b, f, m, p , 
 blue ). Bars 30 μm (The fi gure is adapted from Ohno et al. [ 16 ])       
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   The restricted  distribution   of  serum   macromolecules in 
 tumor   tissues, which was well preserved with  cryobiopsy   and 
IVCT, represents the distribution of  blood   circulation   [ 16 ]. 
Increased vascular  permeability  , insuffi cient drainage, and 
elevated interstitial fl uid pressure can also impair the blood 
circulation within tumors [ 27 ,  28 ].  Blood vessel   s   in tumor 
tissues are characterized by abnormal proliferation, anasto-
mosis, and remodeling inside and around the tumor masses 
[ 15 ,  29 – 31 ]. Endothelial markers have been used to identify 
the structures specifi c for  blood vessel   s   in tumors [ 25 ,  32 ,  33 ]. 
The  immunolocalization   of serum  macromolecules such as 

 IgM   represents blood circulation in functional blood vessels. 
Local or temporal impairment of blood circulation would 
result in closer relationship between functional blood vessels 
and tumor hypoxic environments. It is because the O 2  diffu-
sion from the blood circulation determines hypoxic reactions 
in tumor cells [ 14 ]. The relationship among the clinical out-
comes, tumor  hypoxia  , and blood vessels could be better 
understood through histological analyses of functional blood 
vessels.  Cryobiopsy   and IVCT immobilize  soluble compo-
nent   s   in situ [ 6 ,  34 ,  35 ] and enable us to analyze the heterog-
enous blood circulation in different areas of tumor tissues.  

  Fig. 49.3    ( a )–( d ) Light micrographs of serial  paraffi n   sections 
obtained from an EBC-1 cell  tumor   and stained with hematoxylin-eosin 
(HE;  a ) or immunostained for von Willebrand factor (vWF;  b ),  immu-
noglobulin   M   ( IgM  ;  c ), or  vascular endothelial growth factor   (VEGF; 
 d ). Erythrocytes ( a ,  solid arrows ) and IgM immunoreactivity ( c ,  solid 
arrows ) are observed in restricted areas, whereas vWF is immunolocal-

ized throughout the tumor ( a ,  b ,  solid arrowheads ). VEGF immunore-
activity is stronger in the regions with little IgM immunostaining ( d , 
 open arrows ).  Open arrowheads : IgM-immunopositive connective tis-
sues.  Asterisks : necrotic areas. Bars 200 μm or 50 μm in  insets  (The 
fi gure is modifi ed from Ohno et al. [ 16 ])       
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49.4     Concluding Remarks 

  Cryobiopsy   and IVCT enable morphological examination of 
 tumor   cells and  blood    vessel   s   without the preparation  arti-
facts   induced during conventional  chemical fi xation   meth-
ods. In addition,  cryobiopsy   and IVCT reveal the precise 
 distribution   of  serum   macromolecules in vessels with  blood 
fl ow  , which are related to hypoxic states of  cancer   cells. 
Application of cryobiopsy and IVCT allows a novel approach 
to examine the relationship among the tumor  microenviron-
ment  , functional blood vessels, and clinical outcomes.     

   References 

    1.    Ohno N, Terada N, Fujii Y, Baba T, Ohno S (2004) “In vivo cryo-
technique” for paradigm shift to “living morphology” of animal 
organs. Biomed Rev 15:1–19  

    2.    Ohno N, Terada N, Saitoh S, Zhou H, Fujii Y, Ohno S (2007) Recent 
development of in vivo cryotechnique to cryobiopsy for living ani-
mals. Histol Histopathol 22(11):1281–1290  

    3.    Li Z, Ohno N, Terada N, Ohno S (2006) Immunolocalization of 
serum proteins in living mouse glomeruli under various hemody-
namic conditions by “in vivo cryotechnique”. Histochem Cell Biol 
126(3):399–406  

   4.    Terada N, Ohno N, Ohguro H, Li Z, Ohno S (2006) 
Immunohistochemical detection of phosphorylated rhodopsin in 
light-exposed retina of living mouse with in vivo cryotechnique. J 
Histochem Cytochem 54(4):479–486  

   5.    Terada N, Ohno N, Saitoh S, Ohno S (2007) Immunohistochemical 
detection of hypoxia in mouse liver tissues treated with pimonida-
zole using “in vivo cryotechnique”. Histochem Cell Biol 
128(3):253–261  

     6.    Zea-Aragon Z, Terada N, Ohno N, Fujii Y, Baba T, Ohno S (2004) 
Effects of anoxia on serum immunoglobulin and albumin leakage 
through blood–brain barrier in mouse cerebellum as revealed by 
cryotechniques. J Neurosci Methods 138(1–2):89–95  

     7.    Fujii Y, Ohno N, Li Z, Terada N, Baba T, Ohno S (2006) Morphological 
and histochemical analyses of living mouse livers by new ‘cryobi-
opsy’ technique. J Electron Microsc (Tokyo) 55(2):113–122  

    8.    Folkman J (2002) Role of angiogenesis in tumor growth and metas-
tasis. Semin Oncol 29(6 Suppl 16):15–18  

   9.    Hockel M, Vaupel P (2001) Tumor hypoxia: defi nitions and current 
clinical, biologic, and molecular aspects. J Natl Cancer Inst 
93(4):266–276  

    10.    Liotta LA, Kohn EC (2001) The microenvironment of the tumour- 
host interface. Nature 411(6835):375–379  

    11.    Hayat M (1989) Chemical fi xation. Principles and techniques of 
electron microscopy. Macmillan Press, London, pp 1–78  

    12.    Hopwood D (1982) Fixation and fi xatives. In: Bancroft J, Stevens A 
(eds) Theory and practice of histological techniques. Churchill 
Livingstone, New York, pp 20–40  

    13.    Bussink J, Kaanders JH, van der Kogel AJ (2003) Tumor hypoxia at 
the micro-regional level: clinical relevance and predictive value of 
exogenous and endogenous hypoxic cell markers. Radiother Oncol 
67(1):3–15  

    14.    Coleman CN (1988) Hypoxia in tumors: a paradigm for the 
approach to biochemical and physiologic heterogeneity. J Natl 
Cancer Inst 80(5):310–317  

     15.    Tilki D, Kilic N, Sevinc S, Zywietz F, Stief CG, Ergun S (2007) 
Zone-specifi c remodeling of tumor blood vessels affects tumor 
growth. Cancer 110(10):2347–2362  

              16.    Ohno N, Terada N, Bai Y, Saitoh S, Nakazawa T, Nakamura N et al 
(2008) Application of cryobiopsy to morphological and immuno-
histochemical analyses of xenografted human lung cancer tissues 
and functional blood vessels. Cancer 113(5):1068–1079  

    17.    Ohno N, Terada N, Ohno S (2006) Histochemical analyses of living 
mouse liver under different hemodynamic conditions by “in vivo 
cryotechnique”. Histochem Cell Biol 126(3):389–398  

    18.    Bignold LP (2003) Pathogenetic mechanisms of nuclear pleomor-
phism of tumour cells based on the mutator phenotype theory of 
carcinogenesis. Histol Histopathol 18(2):657–664  

    19.    Kellenberger E (1991) The potential of cryofi xation and freeze sub-
stitution: observations and theoretical considerations. J Microsc 
161(Pt 2):183–203  

    20.    Shiurba R (2001) Freeze-substitution: origins and applications. Int 
Rev Cytol 206:45–96  

    21.    Bloom HJ, Richardson WW (1957) Histological grading and prog-
nosis in breast cancer; a study of 1409 cases of which 359 have 
been followed for 15 years. Br J Cancer 11(3):359–377  

   22.    Fuhrman SA, Lasky LC, Limas C (1982) Prognostic signifi cance of 
morphologic parameters in renal cell carcinoma. Am J Surg Pathol 
6(7):655–663  

    23.    Libbrecht L, Desmet V, Roskams T (2005) Preneoplastic lesions in 
human hepatocarcinogenesis. Liver Int 25(1):16–27  

    24.    Fox SB, Harris AL (2004) Histological quantitation of tumour 
angiogenesis. APMIS 112(7–8):413–430  

     25.    Vermeulen PB, Gasparini G, Fox SB, Colpaert C, Marson LP, Gion 
M et al (2002) Second international consensus on the methodology 
and criteria of evaluation of angiogenesis quantifi cation in solid 
human tumours. Eur J Cancer 38(12):1564–1579  

    26.    Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF and 
its receptors. Nat Med 9(6):669–676  

    27.    Jain RK (2005) Normalization of tumor vasculature: an emerging 
concept in antiangiogenic therapy. Science 307(5706):58–62  

    28.    Tong RT, Boucher Y, Kozin SV, Winkler F, Hicklin DJ, Jain RK 
(2004) Vascular normalization by vascular endothelial growth fac-
tor receptor 2 blockade induces a pressure gradient across the vas-
culature and improves drug penetration in tumors. Cancer Res 
64(11):3731–3736  

    29.    Bergers G, Benjamin LE (2003) Tumorigenesis and the angiogenic 
switch. Nat Rev Cancer 3(6):401–410  

   30.    Dvorak HF, Nagy JA, Dvorak JT, Dvorak AM (1988) Identifi cation 
and characterization of the blood vessels of solid tumors that are 
leaky to circulating macromolecules. Am J Pathol 133(1):95–109  

    31.    McDonald DM, Choyke PL (2003) Imaging of angiogenesis: from 
microscope to clinic. Nat Med 9(6):713–725  

    32.    Norrby K, Ridell B (2003) Tumour-type-specifi c capillary endothe-
lial cell stainability in malignant B-cell lymphomas using antibod-
ies against CD31, CD34 and Factor VIII. APMIS 111(4):483–489  

    33.    Pusztaszeri MP, Seelentag W, Bosman FT (2006) 
Immunohistochemical expression of endothelial markers CD31, 
CD34, von Willebrand factor, and Fli-1 in normal human tissues. J 
Histochem Cytochem 54(4):385–395  

    34.    Terada N, Ohno N, Li Z, Fujii Y, Baba T, Ohno S (2005) Detection 
of injected fl uorescence-conjugated IgG in living mouse organs 
using “in vivo cryotechnique” with freeze-substitution. Microsc 
Res Tech 66(4):173–178  

    35.    Zhou D, Ohno N, Terada N, Li Z, Morita H, Inui K et al (2007) 
Immunohistochemical analyses on serum proteins in nephrons of 
protein-overload mice by “in vivo cryotechnique”. Histol 
Histopathol 22(2):137–145    

N. Ohno et al.



269© Springer Japan 2016
S. Ohno et al. (eds.), In Vivo Cryotechnique in Biomedical Research and Application 
for Bioimaging of Living Animal Organs, DOI 10.1007/978-4-431-55723-4_50

      Immunolocalization of Serum Proteins 
in Xenografted Mouse Model of Human 
Tumor Cells       
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    Abstract  

  The transport mechanism of soluble molecules throughout the interstitial matrix is closely 
associated with human tumor behavior in vivo. However, the examination of soluble com-
ponents in histological architectures has been hampered by artifacts caused during conven-
tional tissue preparation. In this study, the immunodistribution of intrinsic and extrinsic 
serum components in tumor tissues was examined in xenografted human lung large carci-
noma cells using “in vivo cryotechnique” (IVCT) and cryobiopsy, where target tissues are 
directly cryofi xed in vivo. Human lung cancer cells were subcutaneously injected into the 
dorsal fl ank of nude mice, and paraffi n sections and cryosections of produced tumors were 
prepared with different methods. Immunolocalization of serum proteins, including albumin, 
immunoglobulin G (IgG), and IgM, as well as intravenously injected bovine serum albumin 
(BSA) was examined. Their immunodistribution was more clearly observed in the intersti-
tium by both IVCT and cryobiopsy than conventional methods. IgM was immunolocalized 
within blood vessels, whereas albumin and IgG were observed in the tumor interstitium. 
Moreover, intravenously injected bovine serum albumin exhibited leakage from the blood 
capillaries into surrounding connective tissues in 24 h, but it gradually diffused to the inter-
stitium of the tumor masse in 3 days. These results suggest that molecular leakage from 
blood capillaries varies signifi cantly in different areas of developing tumors and that small 
serum proteins, but not large ones, were abundantly immunolocalized in the tumor intersti-
tium. Both IVCT and cryobiopsy were found to be useful for immunohistochemical studies 
of soluble molecules in tumors with blood circulation and may therefore be helpful for 
further histopathological analyses.  
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50.1         Introduction 

 A complex  tumor    interstitium   has been reported to be an 
essential component of expanding tumor masses, closely 
associated with various aspects of their development, 
 progression, and metastasis [ 1 ,  2 ]. The interstitial compart-
ments generally have different features distinct from most 
normal tissues, such as relatively large  extracellular space   s  , 
various concentrations of matrix components, high intersti-
tial fl uid pressures, and less developed lymphatic networks 
[ 3 ]. An adequate supply of nutrition for tumor cells through 
the vasculature and interstitial matrix is necessary for con-
tinuous tumor growth in vivo [ 4 ]. The transport mechanism 
of fl uid and soluble molecules in the interstitial matrix is 
controlled by the properties of the interstitial compartments, 
including osmotic pressure, and is also determined by factors 
of the molecules, such as the molecular weight and charge 
[ 5 ,  6 ]. Such physicochemical properties have been exten-
sively examined, depending on the  distribution   of various 
extrinsic molecules circulating in  blood    vessel   s   [ 7 – 9 ]. On 
the other hand, the examination of  soluble component   s   in 
histological structures has been hampered by  artifacts   caused 
during conventional tissue preparation [ 10 ]. Since 1996, our 
 in vivo cryotechnique   (IVCT), in which target animal organs 
are directly cryofi xed using a  liquid isopentane  -propane 
cryogen, has been used for morphological and immunohisto-
chemical analyses in various organs of living mice and rats 
without producing the  technical artifact   s   caused by the con-
ventional preparation methods [ 11 ]. The IVCT has various 
technical merits, including the prevention of tissue  shrink-
age  , a natural  antigen-retrieval    effect  , and time-dependent 
analyses in the order of seconds [ 12 ]. Moreover, it preserves 
the native distribution of soluble intra- or extracellular com-
ponents, such as  serum    protein   s  , in living mouse organ [ 13 ], 
and the distributions of soluble molecules could be com-
pared with the histological architecture [ 14 ]. We recently 
developed another method called “ cryobiopsy  ,” with poten-
tially similar technical merits to IVCT [ 15 ], which will be 
applied to human tissues in  clinical medicine  . So, according 
to these merits and advances, cryobiopsy has already been 
used for morphological and immunohistochemical analyses 
of xenografted human lung tumor tissues, resulting in the 
demonstration of functional blood vessels [ 16 ]. 

 In the present study, more detailed immunohistochemi-
cal analyses of  soluble serum protein   s   in the xenografted 
mouse model of human  tumor   cells were performed with 
various cryotechniques, which were then compared with the 
conventional preparation method, such as  immersion-fi xa-
tion   followed by  dehydration   (IMDH). Furthermore, the 
time-dependent  distribution   of the extrinsic  soluble protein  s 
was also examined in the tumor tissues by 
 immunohistochemistry  .  

50.2     Histological Findings of Xenografted 
Lung Larger Cell Carcinoma Tissue 
with  Cryobiopsy   

 The different immunodistribution of  serum    protein   s   in  tumor   
tissues, as clearly revealed with both IVCT and  cryobiopsy  , 
appeared to depend on differences of their molecular weights. 
As shown in Fig.  50.1 , the small serum proteins, such as 
 albumin   (MW, 69 kDa) and  IgG1   (MW, 150 kDa), but not 
the large molecules, such as  IgM   (MW, 900 kDa), were 
immunolocalized in most areas of the tumor interstitial 
matrix. Moreover, in the normal interstitial tissues of living 
mouse ovaries, such discrepancy concerning the albumin, 
IgG1, and IgM distributions was clearly observed, as previ-
ously reported [ 10 ]. The molecular weight of the permeating 
proteins appears to be one of the factors affecting the molec-
ular  permeability   from the  blood    vessel   s   into the interstitial 
spaces of tumor tissues, in addition to other factors, such as 
the composition of extracellular matrices and abnormally 
elevated interstitial fl uid pressures [ 6 ,  7 ,  9 ,  17 ]. Our results 
indicated that the amount of large serum proteins, such as 
IgM, was kept low in the interstitial matrix even after con-
stant exposure to the vascular plasma containing IgM.

50.3        Immunolocalization of Intrinsic 
Serum Proteins in Xenografted Lung 
Larger Cell Carcinoma Tissue with FQF 

 Conventional immunohistochemical techniques have some 
problems of molecular  diffusion artifact   and antigen mask-
ing for the detection of  immunoglobulin   in animal organs, 
which were already reported in large malignant cells like the 
Reed-Sternberg cells of Hodgkin’s lymphoma [ 18 ]. In the 
present study, the  diffusion artifacts   of both  albumin   and 
 IgG1   were also observed in  tumor   cells prepared by FQF 
(Fig.  50.2 ). However, such  technical artifact   s   can be mostly 
prevented by IVCT and Cb, because cells and tissues in tar-
get organs of living animal bodies are immediately cryofi xed 
at the time of freezing in situ.

50.4        Immunodistribution of Extrinsic BSA 
in Xenografted Lung Larger Cell 
Carcinoma Tissue with IVCT 

 The time-dependent  immunolocalization   of  injected BSA   
was revealed within the  tumor   tissues, as shown in Fig.  50.3 . 
The injected BSA was mostly immunolocalized within  blood   
 vessel   s   in the tumor mass and the capsular connective tissue 
10 min after the injection, but later it was diffusely immuno-
localized in the surrounding connective tissue and a fraction 
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of the  interstitium   in the tumor mass. Some previous studies 
reported that BSA leaked out into the interstitial spaces 
within 1 h, using live imaging with intravital or a  confocal 
laser   scanning  microscope   [ 8 ,  19 ]. Small amounts of mole-
cules may be diffi cult to visualize on histological sections by 
 immunohistochemistry  . However, because different intensi-
ties of immunoreactivity in a single histological section usu-
ally depend on the relative amount of active antigen sites, our 
fi ndings suggest that the  permeability   of blood vessels in the 
tumor tissue is distinct from that in the surrounding connec-
tive tissue of the tumor capsule, which would partly depend 

on the molecular structure of blood vessels [ 16 ,  20 ]. In fact, 
we have detected abundant immunolocalization of BSA in 
the connective tissue of the tumor capsules 24 h after the 
BSA injection. In addition, 72 h after the BSA injection, 
BSA immunolocalization was more clearly detected in the 
interstitium of the tumor tissue. The repeated injection of 
BSA induced the accumulation of BSA in the  blood circula-
tion  , thus causing the prolonged exposure of the tumor mass 
to higher concentrations of BSA over a few days, resulting in 
the increased concentration of leaked BSA in the tumor 
interstitium.

  Fig. 50.1    Immunolocalization of  serum    protein   s   in the  tumor   tissues 
formed by the Lu65 cells and prepared with  cryobiopsy   (Cb). Their 
serial sections were stained with hematoxylin-eosin (HE,  a ) or immu-
nostained for  albumin   ( b ),  immunoglobulin    G   1   ( IgG1  ;  c ), and  IgM   ( d ). 
 b  and  c . Both albumin and IgG1 are clearly immunolocalized in the 
tumor  blood    vessel   s   ( arrowheads ) and also in the interstitial matrix 

between the tumor cells ( small arrows ).  d . On the other hand, IgM 
immunostaining is detected mainly in the tumor blood vessels ( arrow-
heads ) and the connective tissue of the capsule around the tumor mass. 
Other serum proteins, albumin and IgG1, are also observed in the con-
nective tissue around the tumor mass ( a – d ,  large arrows ).  Bars   a – d , 
50 μm;  inset , 10 μm       
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  Fig. 50.2    Immunolocalization of  serum    protein   s   in the  tumor   tissues 
formed by Lu65 cells, which were prepared with the  quick-freezing   of 
fresh resected tissues (FQF).  a – d . Light micrographs of the serial  paraf-
fi n   sections stained with hematoxylin-eosin (HE) or immunostained for 
 albumin   ( b ),  immunoglobulin    G   1   ( IgG1  ;  c ), and  IgM   ( d ). Both albumin 
and IgG1 are immunolocalized in the tumor  blood    vessel   s   ( b ,  c ,  arrow-
heads ) and the  interstitium   ( b ,  c ,  large arrows ), as well as in the cyto-
plasm of some tumor cells ( b ,  c ,  small arrows in insets ). IgM 

immunoreactivity is also detected in the interstitium ( d ,  arrow ) in addi-
tion to the blood vessels ( d ,  arrowheads ).  e – h . Actin immunofl uores-
cence is observed in the cytoplasm and along the cell membrane of the 
Lu65 cells ( e ,  h ,  arrowheads ). Albumin is immunolocalized in the 
tumor interstitium and the cytoplasm of some tumor cells ( f ,  h ,  small 
arrows ). All the serum proteins are also observed in the connective tis-
sues around the tumor mass ( a – d ,  curved arrows ).  Bars   a – d , 50 μm 
( insets , 10 μm);  e – h , 20 μm       

 



  Fig. 50.3    Double-immunofl uorescence micrographs of von 
Willebrand factor (vWF;  green  color) and intravenously injected 
 bovine serum albumin   (BSA;  red  color) 10 min ( a – e ) and 24 h ( f – j ) 
after the injection or at 72 h of the daily BSA injections ( k – o ), which 
were obtained with  cryosections   of the  tumor   tissues formed by the 
Lu99 cells and prepared with IVCT.  a – e . BSA immunostaining can be 
mostly observed in some  blood    vessel   s   immunopositive for vWF ( a ,  b , 
 d ,  e ,  arrowheads ) 10 min after the BSA injection, although it is not 
detected in the surrounding connectivity tissue of the tumor capsule ( b , 

 d ,  large arrows ).  f – j . However, 24 h after one shot of BSA injection, 
BSA immunoreactivity is slightly detected in the tumor  interstitium   ( g , 
 i ,  j ,  small arrows ) as well as the tumor blood vessels ( f ,  g ,  i ,  j ,  arrow-
heads ). It is also strongly detected in the surrounding connective tissue 
of the tumor capsule ( g ,  i ,  large arrows ).  k – o . BSA immunoreactivity 
is widely seen in the tumor interstitium ( l ,  n ,  o ,  small arrows ) outside 
the blood vessels ( k ,  l ,  n ,  o ,  arrowheads ) and also in the surrounding 
connective tissue ( l ,  n ,  large arrows ) because of daily injections of 
BSA at 72 h  Bars  20 μm       
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50.5        Concluding Remarks 

 The  immunolocalization   of  serum    protein   s   in the  tumor   
 interstitium   was more clearly observed by both IVCT and 
 cryobiopsy  , without molecular translocation, which was 
inevitable by the conventional preparation methods. Large 
serum proteins were immunolocalized within the tumor 
 blood    vessel   s  , whereas smaller ones were abundantly immu-
nolocalized in the tumor interstitium, as revealed by the 
IVCT. Moreover, the intravenously  injected BSA   exhibited 
distinct immunolocalization in the tumor tissue and sur-
rounding connective tissues, and the BSA immunoreactivity 
gradually increased in the tumor interstitium over a period of 
72 h. These fi ndings suggest that the molecular transport and 
passive  distribution   mechanisms from  blood circulation   are 
different in various areas of the tumor tissues. Furthermore, 
both IVCT and cryobiopsy are helpful for carrying out fur-
ther studies on the native molecular distribution in the tumor 
interstitium and also for performing histopathological diag-
noses in  clinical medicine   in the near future. The present 
fi gures were already published in our paper, Histol 
Histopathol (2009) 24:717–728, and cited with their 
permissions.     
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      Histochemical Approach of Cryobiopsy 
for Glycogen Distribution in Living 
Mouse Livers Under Fasting and Local 
Circulation Loss Conditions       

     Yurika     Saitoh     ,     Nobuo     Terada    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno   

    Abstract  

  Soluble proteins and glycogen particles, which are easily lost upon conventional chemical 
fi xation, have been reported to be better preserved in paraffi n-embedded sections by “cryo-
biopsy” combined with freeze-substitution fi xation (FS). In this part, we mentioned the 
distribution of glycogen in living mouse livers under (1) food restriction and (2) local circu-
lation loss conditions with periodic acid-Schiff (PAS) staining by cryobiopsy. (1) Livers of 
fully fed mice showed high PAS-staining intensity in the cytoplasm of all hepatocytes, 
showing much glycogen in all hepatocytes. However, treatment with α-amylase clarifi es 
that hepatocytes around the central vein preserve more glycogen than the hepatocytes 
around the portal vein. At 6 or 12 h after fasting, PAS-staining intensity markedly decreased 
in restricted areas of zone I near the portal tracts. This result was the same as that of speci-
mens gotten from individual mouse. On the other hand, glycogen distributions were differ-
ent in local circulation loss condition which caused by temporarily clipping of liver tissues 
followed by recovery of blood circulation. (2) In the liver tissues in which blood was recir-
culated for 1 h after the 30-min anoxia, PAS staining was still observed in zone II and also 
in restricted areas of zone I far from the portal tracts. We propose that the level of consump-
tion or production of glycogen particles could vary in zone I, depending on the distance 
from the portal tracts. Thus, cryobiopsy combined with FS enabled us to examine time- 
dependent changes in glycogen distribution in the liver tissues of living mice. This combi-
nation might be applicable to the clinical evaluation of human liver tissues.  

  Keywords  

  Glycogen   •    PAS    staining     •   Zonal difference  

51.1         Introduction 

  Cryobiopsy   enables us to repeatedly obtain multiple tissue 
samples from a single mouse under different experimental 
conditions [ 1 ,  2 ]. In this chapter, we focused on the  distribu-
tion   of  glycogen   in the mouse  liver   and introduced their con-
sumption pattern clarifi ed by  cryobiopsy  . And then how to 
distinguish consumption from  leakage   by damage was men-
tioned. A large amount of glycogen in the livers is an impor-
tant energy source to be metabolized into  blood   glucose to 
sustain animal life [ 3 ]. Glycogen  metabolism   was related to 
not only feeding conditions but also  ischemia  - reperfusion   
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and stress of animal livers [ 4 – 8 ]. Ischemia and  reperfusion   
typically occur in liver transplants and result in various types 
of liver damage and reactions [ 9 – 14 ]. Therefore, it is neces-
sary to precisely determine time-dependent changes in the 
glycogen storage of  hepatocytes   in  paraffi n  -embedded tis-
sues, which refl ect their  living state   s  . In conventional prepa-
ration with  chemical fi xative   s   in a typical buffer solution, the 
artifi cial loss of  glycogen particle   s   is much higher than in 
various cryotechniques [ 15 ].  

51.2     Distinguishable Differences of a Tiny 
Amount of Glycogen in Hepatocytes 

  Cryobiopsy   of  liver   tissues was performed on anesthetized 
mice [ 2 ,  16 ]. Briefl y, after exposure of target liver lobes, a 
piece of tissue was quickly pinched off using handmade 
 cryoforceps   attached to sponge reservoirs of liquid nitrogen 
on Keisei Osteotrite Tweezers® (F-2051 or F-2052, Keisei 
Medical Industrial Co., Ltd., Niigata, Japan), which had 
already been precooled in liquid nitrogen (LN 2 , −196 °C). 
The cryobiopsied liver tissues were immediately immersed 
in  liquid isopentane  -propane cryogen (−193 °C) precooled in 
LN 2  and then transferred into acetone containing 2 %  para-
formaldehyde   at about −80 °C for starting  freeze- substitution     
 fi xation   (FS) [ 2 ,  16 ]. Cryobiopsy-FS specimen is able to 
choose usual  paraffi n   embedding or  sucrose   embedding for 
frozen section. In this chapter, we’re showing paraffi n- 
embedded specimens [ 1 ]. The paraffi n-embedded specimens 
were treated in the same way as conventional specimens. To 

detect  glycogen   in  hepatocytes  , deparaffi nized sections were 
incubated in periodic acid followed by Schiff’s solution and 
sodium metabisulfi te. In mouse liver tissues of fully fed mice 
prepared by  cryobiopsy  , high-intensity  PAS   staining was 
observed as a strong red-purple color in the cytoplasm of all 
hepatocytes (Fig.  51.1a ). However, treatment with α-amylase 
for serial sections digested the glycogen in hepatocytes and 
clarifi ed that the hepatocytes around  central vein   s   kept much 
more glycogen in their cytoplasm than those around the  por-
tal vein   s   (Fig.  51.1b ). Compared with glycogen of fully fed 
mice, the intensity of PAS staining after fasting for 6 h 
became slightly weaker in hepatocytes (Fig.  51.1c ). After 
12-h fasting, the  PAS-staining   intensity had clearly decreased 
around almost all portal tracts (Fig.  51.1d ). Most hepatocytes 
in parts of zone I far from the portal veins were still more 
PAS positive (arrowheads in Fig.  51.1d ).

51.3        Repeatable Cryobiopsy for Individual 
Mouse 

  Cryobiopsy   was developed for clinical and repeated collec-
tion as substitute for our “ in vivo cryotechnique  .” To exam-
ine that the  cryobiopsy   was time-dependently repeatable, 
one piece from an area of  liver   tissues was obtained by cryo-
biopsy (Fig.  51.2a-i ), and another area was cryobiopsied for 
6 h (Fig.  51.2c -ii). Temporary bleeding from the tissue area 
pinched with the  cryoforceps   was quickly stopped by cover-
ing it with instant glue (Fig.  51.2b ). During the continuous 
experiments, all the mice were warmed on an electrically 

  Fig. 51.1    Glycogen  distribution   of 
cryobiopsied  liver   tissue specimens stained 
with  PAS  . ( a ) Fully PAS-stained  hepatocytes   
are clearly observed in the specimen without 
α-amylase treatment. ( b ) Hepatocytes around 
the  central vein   (CV) exhibit higher-intensity 
 PAS staining   than those around the portal 
tract (P) after treatment with α-amylase. ( c ) 
Slightly weaker PAS staining is detected 
around some portal tracts after 6-h fasting. ( d ) 
In the liver tissues of mice fasted for 12 h, 
 PAS-staining   intensity around the portal tracts 
is markedly decreased, but still observed in 
parts of zone I ( arrowheads ).  CV  central vein, 
 P   portal vein  . Bars: 100 μm       
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heated plate to maintain their body temperature. In the liver 
tissues of an almost fully fed mouse,  PAS   staining was 
observed in almost all  hepatocytes   (Fig.  51.2a ), with a 
slightly lower intensity in some hepatocytes around  portal 
vein   s  . After 6-h fasting, the  PAS-staining   intensity of hepa-
tocytes had clearly decreased around the portal tracts 
(Fig.  51.2b ), but other hepatocytes far from the portal veins 
in zone I were still PAS positive (arrowheads in Fig.  51.2b ). 
Thus, the time-dependent changes in  glycogen    distribution   
can be clearly evaluated in a single mouse liver by 
cryobiopsy.

51.4        Detection of Different Consumption 
Under Local Circulation Loss 
Condition 

 To examine the effects of  blood    circulation   on  glycogen   con-
sumption, temporary stopping and refl owing of blood circu-
lation were produced by binding with a circular clip and 
removing it (Fig.  51.3a ). To prevent drying of the  liver   sur-
face tissues, abdominal skin was quickly sutured, and a cot-
ton sheet-absorbing physiological saline was placed on the 
mouse abdomen throughout the experiment. Temporary 

 hypoxia   of some parts of the clipped liver tissues had already 
been confi rmed by measuring the  oxygen saturation   of simi-
lar liver tissues with  confocal Raman cryomicroscopy  , as 
previously reported [ 17 ]. After stopping blood circulation 
for 30 min and refl owing for 1 h,  cryobiopsy   of the restricted 
areas was performed on the inside (Fig.  51.3b-I ) or outside 
(Fig.  51.3b -II) of the clipped liver tissues. In the liver tissues 
inside the clipped areas, the  PAS  - staining   intensity was 
markedly decreased in certain areas around the  portal vein   s   
of zone I and also the  central vein   s   (zone III) (Fig.  51.3c ). 
Even in liver tissues outside the clipped areas (Fig.  51.3c, d ), 
the PAS-staining intensity heterogeneously decreased as a 
mosaic pattern in all zonal areas. Thus, the PAS staining of 
liver tissues by cryobiopsy clearly revealed  zonal difference   s   
in glycogen storage after refl owing of blood circulation in 
living mice and probably refl ects zonal metabolic functions 
in vivo.

51.5        Conclusion 

 The  cryobiopsy   presented here is a simple manual technique 
to capture all biological materials of  living mouse liver   s   in 
rapidly frozen  ice crystal   s  , the characteristics of which 

  Fig. 51.2    Schematic representation of a series of  cryobiopsy   processes 
to obtain  liver   tissue specimens from anesthetized mice. A liver speci-
men is initially pinched off at one area with a pair of  cryoforceps   (cryo-
biopsy (i) in ( a) ), and bleeding is immediately stopped with an instant 
glue ( b ). After 6-h fasting, another liver tissue specimen is similarly 
obtained at a second area with the cryoforceps (cryobiopsy (ii) in ( c) ). 

( d ) In the specimen of cryobiopsy (i), intense  PAS    staining   is observed 
in almost all  hepatocytes  , the exception being those around  portal vein   s   
(P). ( e ) The  PAS-staining   intensity of the area of cryobiopsy (ii) is 
found to be decreased around portal tracts. Note the strongly PAS- 
positive hepatocytes remaining in parts of the middle of zone I ( arrow-
heads ).  CV   central vein  ,  P  portal vein. Bars: 100 μm       
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 probably refl ect their  living state   s   [ 1 ,  2 ,  16 ]. This does not 
require resection of a target organ with continuous  blood    cir-
culation   in vivo, results in neither  ischemia   nor  anoxia  , and 
enables us to obtain multiple tissue samples from a single ani-
mal and any areas of the target organ at different times. The 
subsequent freeze substitution in acetone with  chemical fi xa-
tive   s   is useful to preserve many  glycogen    particle   s   in  hepato-
cytes   and avoids their removal during the preparation steps. 
Thus, the cryobiopsy technique combined with  freeze-substi-
tution    fi xation   for  PAS   staining is a  reliable tool   to visualize 
changes in glycogen storage in hepatocytes of living animal 
livers. This text is mainly quoted from Reference [ 18 ].     
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      Bioimaging of Fluorescence-Labeled 
Mitochondria in Subcutaneously 
Grafted Murine Melanoma Cells 
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    Abstract  

  Mitochondrial functions play important roles in metabolism of cancer cells and are affected 
by the microenvironment including blood circulation. To overcome the technical artifacts of 
conventional fi xation and dehydration methods, the in vivo cryotechnique (IVCT) was 
 combined with fl uorescent protein expression and used to examine the distribution of mito-
chondria in tumor tissues obtained from melanoma-grafted mice. Quick-freezing followed 
by freeze-substitution (FS) could well retain the fl uorescence intensity of fl uorescent 
 proteins including mitochondria-targeted DsRed2 (mitoDsRed) in cultured B16-BL6 cells. 
In the subcutaneous tumor tissues produced by injection of mitoDsRed-expressing B16-BL6 
cells, the melanoma cells scattering throughout the tumor tissues prepared with IVCT 
 followed by FS had clear fl uorescence of mitoDsRed, and individual tumor cells expressing 
hypoxia markers, including carbonic anhydrase IX and hypoxia-inducible factor-1α, had 
decreased volume of mitoDsRed. The cytoplasm and processes of the cancer cells extended 
along the collagen type IV-immunopositive basement membranes and often contained 
mitoDsRed. Combination of fl uorescent protein expression and IVCT would be a powerful 
tool to examine cells and organelles with fl uorescent protein expression along with histo-
chemical/immunohistochemical labelings. Furthermore, the results suggest that mitochon-
drial volume and distribution could be modulated by the hypoxic microenvironment and 
attachment to basement membranes.  
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52.1         Introduction 

 Proliferation, cell migration, and metastasis of  cancer   cells 
are signifi cantly affected by their  metabolism   in  living ani-
mal organ   s   [ 1 ]. The  microenvironment   around the  tumor   
cells, such as  blood   supply, plays major roles to determine 

the metabolic profi les of cancer cells and could be spatially 
and temporarily dynamic [ 2 ]. The functions of mitochondria 
are therefore considered to have major impact on the  behavior 
of living tumor cells, since they are often the central  regulator 
of energy production, intermediate metabolism, and necrotic 
or apoptotic cell death [ 3 ].  Mitochondria   in tumor cells are 
morphologically variable [ 4 ,  5 ], and the mitochondrial  distri-
bution   and morphology alter energy metabolism through 
functional alterations of mitochondria themselves [ 6 ,  7 ]. In 
this regard,  technical artifact   s   caused during  conventional 
preparation steps could have hampered  morphological 
analyses   of mitochondria in tumor tissues [ 8 ]. 

 To overcome the problem, mitochondria-targeted  fl uores-
cent protein  s were used in combination with “ in vivo 
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 cryotechnique  ” (IVCT) to prevent  artifacts   caused by 
 conventional tissue preparation methods [ 9 ,  10 ] and directly 
visualize  distribution   of mitochondria in individual  mela-
noma cell   s  . IVCT retains quickly changing metabolic mark-
ers and furthermore the in situ distributions of endogenous 
and exogenous molecules [ 11 – 15 ]. IVCT has been applied to 
 tumor   models to prevent tissue  shrinkage   as well as  blood   
 vessel   collapse and reveal correlation between the functional 
 blood vessels   and expression of a marker of  hypoxia  ,   vascular 
endothelial growth factor   [ 16 ,  17 ]. Therefore, the fl uorescent 
protein labeling in combination with  cryofi xation  , including 
IVCT, was expected to be useful for the histological exami-
nation of cells and organelles.  

52.2     Observation of Fluorescent Proteins 
After Quick-Freezing Followed 
by Freeze-Substitution 

 In cultured B16-BL6 cells with  fl uorescent protein   
 expression, conventional  immersion fi xation   with  parafor-
maldehyde   (PFA) and  quick-freezing   followed by  freeze-
substitution   in acetone containing 2 % paraformaldehyde 
(FS-PFA) maintained the fl uorescence signal very well 
(Fig.  52.1 ), compared with the other preparation methods 
using  glutaraldehyde   or without paraformaldehyde [ 18 ]. 
Fluorescent proteins such as  DsRed2  ,  mCherry  ,  EGFP  , and 
 Dendra2   all yielded similar results (Fig.  52.1 ). Freeze-
substitution (FS) with only PFA well maintained fl uores-
cence of EGFP and mitochondria-targeted DsRed2 
(mitoDsRed), the latter of which appeared granular or tubu-
lar profi les in the B16-BL6 cells (Fig.  52.1 ). Therefore, 
quick-freezing followed by FS in acetone containing PFA 
was considered useful to analyze the  distribution   and changes 
of fl uorescent proteins.

   The constant maintenance of fl uorescence probes  prepared 
by  quick-freezing   and subsequent FS depended on the chem-
icals used for the fi xation of tissues. Insuffi cient maintenance 
of fl uorescent probes following ethanol fi xation as well as FS 
with only acetone indicates that coagulation fi xation fails to 
retain the probes within cells and tissues [ 13 ,  18 ]. On the 
other hand, diminished fl uorescence intensities with  glutar-
aldehyde   in the FS solution suggest that glutaraldehyde 
 fi xation perturbs the molecular conformation of chromo-
phores [ 19 ].  Cryofi xation   followed by FS with uranyl acetate 
was shown to preserve the fl uorescence signals of GFP [ 20 ]. 
Collectively,  chemical fi xative   s   with an appropriate strength 
are critical to maintain maximal fl uorescence emission in 
cryofi xed tissues. 

 Restricted population of organelles and subcellular 
regions can be labeled with  fl uorescent protein  s with specifi c 
targeting sequences [ 21 ]. Other  fl uorescent dye   s   are also 
available in specimens prepared with  quick-freezing   and FS 

with such fl uorescent proteins, since the fl uorescence spectra 
of the proteins appeared to be unchanged after the tissue 
preparation. Therefore, combination of live imaging with 
fl uorescent protein expression and  cryofi xation   methods 
including IVCT will be a useful approach to study living 
cells and animal tissues/organs.  

52.3     IVCT for Tumor Tissues 
with Fluorescent Protein Expression 

 Morphology and immunodistribution of  serum    protein   s   are 
well maintained with IVCT, as has been shown in xeno-
grafted subcutaneous human lung  tumor   tissues [ 17 ]. Indeed, 
the morphology of B16-BL6  cancer   cells, expressing mitoD-
sRed and subcutaneously injected to form tumors, was well 
maintained when tissues were prepared with IVCT [ 18 ]. As 
shown previously [ 17 ], open  blood    vessel   s   containing many 
fl owing red blood cells were not artifi cially modifi ed with 
IVCT. Immunoreactivity of  IgM  , which is a serum macro-
molecule mostly localized in functional blood vessels, was 
observed within blood vessels containing fl owing red blood 
cells [ 17 ,  18 ]. The IgM-positive blood vessels were 
 surrounded by  basement membrane   s   with  type IV collagen  , 
and abundant immunoreactivity of type IV collagen was 
found in the tumor  interstitium   [ 17 ,  18 ]. With IVCT, blood 
vessel diameters were correlated with distances to necrotic 
tissue areas from the blood vessels [ 18 ]. 

 Hypoxic  tumor   cells around  blood    vessel   s   could be 
 visualized with two  hypoxia   markers,  hypoxia-inducible 
factor-1α   (HIF1α) and  carbonic anhydrase IX   (CAIX) with 
IVCT [ 5 ,  22 – 24 ]. Immunoreactivity of HIF1α in tumor cell 
nuclei and that of CAIX on the plasma membranes of tumor 
cells were well maintained with IVCT (Fig.  52.2 ) [ 18 ]. 
Immunoreactivity of CAIX and HIF1α observed with IVCT 
was highest in areas between necrotic regions and CAIX- or 
HIF1α-immunonegative regions around blood vessels [ 18 ], 
as reported previously [ 24 ].

   The  tumor    microenvironment   appears to modulate 
 localization of mitochondria in the tumor cells. Fluorescence 
signals of mitoDsRed were well maintained in  cryosections   
of tumor tissues after IVCT and FS, and the total sizes and 
  distribution   of mitochondrial networks could be three dimen-
sionally observed around each DAPI-positive nuclei 
(Fig.  52.2 ) [ 18 ]. Random selection of cells negative or posi-
tive for either HIF1α or CAIX showed that  hypoxic cell   s   
positive for HIF1α or CAIX have signifi cantly less volume 
of DsRed-labeled mitochondria (Fig.  52.2 ). It was also 
observed that fl uorescent mitochondria were aligned in 
 processes extending from cell bodies with DAPI-positive 
nuclei (Fig.  52.3 ). These processes were often extended 
along the  basement membrane   s  , which are immunopositive 
for  type IV collagen   (Fig.  52.3 ).
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  Fig. 52.1    ( a – l ) Expression of mitochondria-targeted  Dendra2   
(mitoDen2,  green ) and  mCherry   ( red ) in cultured B16-BL6 cells shows 
that the fl uorescence signals are signifi cantly reduced with  immersion 
fi xation   with ethanol (EtOH,  a – c ,  insets ) and  quick-freezing   followed 
by FS with only acetone (FS-Ace,  d – f ). Immersion fi xation with 2 % 
 paraformaldehyde   (PFA,  a – c ) or quick-freezing followed by FS with 
acetone containing 2 % paraformaldehyde (FS-PFA,  g – i ) well main-
tains the fl uorescence, although quick-freezing followed by FS with 
acetone containing both paraformaldehyde and  glutaraldehyde   (FS- 
GA) does not ( j – l ). ( m – p ) In cultured B16-BL6 cells, fl uorescence sig-

nals of mitochondria-targeted Dendra2 (mitoDen2,  green ) and mCherry 
( red ) are well preserved by quick-freezing followed by FS with acetone 
containing 2 % paraformaldehyde (FS-PFA). ( i – t ) The fl uorescence 
signals of  EGFP   and mitochondria-targeted  DsRed2   (mitoDsRed) are 
also well maintained by FS-PFA. Some  tumor   cells are positive for 
EGFP along with mitoDsRed ( arrows ), but mitoDsRed is not clearly 
observed in other cells ( arrowheads ), presumably due to varying 
degrees of transfection effi ciency. Nuclei are stained with DAPI ( blue ). 
Bars, 100 μm ( a ,  d ,  g ,  j ) or 20 μm ( m ,  q ) (The fi gure was adapted from 
Lei et al. [ 18 ])       
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   With IVCT, mitoDsRed-labeled mitochondria in  tumor   
cells appeared as small spherical or cylindrical profi les in the 
tumor cell cytoplasm [ 18 ]. The Warburg effect decreases 
mitochondria-dependent energy production and is consid-
ered to involve the activation of  hypoxia  -related signaling [ 5 , 
 25 ]. The decrease of mitochondria-dependent energy 
 production may include reduced biogenesis and increased 
degradation of mitochondria [ 26 ,  27 ]. The signifi cantly 
decreased volume of tumor mitochondria when the hypoxia 
markers are highly expressed supports such a hypothesis. 
Thus, to modulate the tumor cell  metabolism   and behaviors 
under different microenvironments, biogenesis and degrada-
tion of mitochondria may be controlled by hypoxia. 

 Tumor metastasis as well as progression is considered to 
require  tumor   cell migration across  basement membrane   s   
and among extracellular matrices. For the migration, the 
interactions between tumor cells and local extracellular 
matrices have been proposed to play critical roles [ 28 ,  29 ]. 
Cell-cell interactions and cellular responses against stimuli 

derived from the local environment are considered critical 
for mitochondrial localization [ 30 – 32 ]. Clarifying the 
 morphofunctional roles of mitochondrial  distribution   in 
tumor cells needs further studies, and tumor cell invasion and 
metastasis could be critical for the mitochondrial behaviors 
in cell bodies and cellular processes of the tumor cells.  

52.4     Concluding Remarks 

 Application of IVCT-FS with  immunohistochemistry   to 
observation of fl uorescently labeled mitochondria in sub-
cutaneous melanoma tumors of living mice demonstrated 
that fl uorescence signals of  fl uorescent protein  s were well 
retained in tissue sections. Such an approach was useful to 
examine the morphology and distributions of mitochondria 
in  tumor   tissues and compare their alterations in areas with 
or without expression of  hypoxia   markers. IVCT combined 
with fl uorescent protein expression enables observation of 

  Fig. 52.2    ( a – d ) Tumor cells positive for mitochondria-targeted 
 DsRed2   (Mito,  red  in  c ) are scattered in  tumor   tissues, and they are 
sometimes around  blood    vessel   s   ( arrowheads  in  c  and  d ) or in  IgM  - 
immunopositive  ( green  in  b  and  d ) necrotic tissue regions ( arrows  in  c  
and  d ). *: necrotic regions.  DIC : differential interference contrast. ( e – h)  
MitoDsRed-positive tumor cells with ( f ) or without ( e ) HIF1α immuno-
reactivity and with ( h ) or without ( g ) CAIX immunoreactivity are 

observed. ( i ) Total mitochondrial volume in individual tumor cells is 
signifi cantly smaller in tumor cells with immunoreactivity of  hypoxia   
markers compared with those without detectable level of hypoxia mark-
ers (** p  < 0.01, * p  < 0.05, U-tests). Each dot represents a single cell. 
Nuclei are labeled with DAPI ( blue ). Bars, 20 μm ( a ), or 10 μm ( e–h ) 
(The fi gure was adapted from Lei et al. [ 18 ])       
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the dynamic morphology and subcellular distributions of 
organelles and proteins in tissue architectures without  artifacts   
caused by  ischemia  / anoxia   or organ  perfusion   and would be 
particularly important to perform histological examination 
after in vivo live imaging.     
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      Application of “In Vivo Cryotechnique” 
to Visualization of ATP with Luciferin- 
Luciferase Reaction in Mouse Skeletal 
Muscles       

     Nobuo     Terada      ,     Yurika     Saitoh    ,     Nobuhiko     Ohno    , 
and     Shinichi     Ohno   

    Abstract  

  In this chapter, we present application of in vivo cryotechnique (IVCT) samples to luciferin- 
luciferase reaction (LLR) for visualization of adenosine triphosphate (ATP), an energy 
source for muscle contraction. The LLR was clearly detected as an intentional design of the 
ATP attachment to glass slides with glutaraldehyde (GA). The intensity of the light unit by 
LLR was correlated with the concentration of the GA-treated ATP in vitro. In tissue sections 
of IVCT mouse skeletal muscles followed by freeze-substitution fi xation (FS) in acetone 
containing GA, the LLR was detected in lumino-microsope. In muscle fi bers and connec-
tive tissues, the intensity of LLR was different. Differences in LLR among muscle fi bers 
were also detected. For the IVCT-FS tissue sections, diaminobenzidine reactions were 
detected in type I muscle fi bers and erythrocytes in capillaries. Thus, it became possible to 
perform microscopic evaluation of the ATP distribution in the mouse skeletal muscles with 
IVCT.  

  Keywords  

  In vivo  cryotechnique     •   Adenosine triphosphate   •   Freeze substitution   •   Luciferin- luciferase   
reaction  

53.1         Measurement of Adenosine 
Triphosphate (ATP) in Tissue 
and In Vivo Cryotechnique (IVCT) 

 ATP is a small molecule that easily diffuses during tissue 
treatment. In addition, due to high conversion rate of ATP 
under the effect of ATPase in fresh samples, protocols for 
quick inactivation of ATPase enzymes during tissue prepara-
tion are strictly required for ATP measurement [ 1 ]. Firefl y 
 luciferase   has been widely employed to measure the ATP. For 
tissues, ATP has been measured by a bioluminescence assay 
after homogenization of a mouse brain [ 2 ]. Recently, to visu-
alize intracellular ATP in isolated single mouse  skeletal mus-
cle   fi bers, injection of luciferase into muscle and subsequent 
luciferin treatment were attempted [ 3 ]. However, ATP has 
not been visualized in tissue sections. 

 IVCT is useful to stop the movement of biological mate-
rials [ 4 ], and the subsequent  freeze-substitution    fi xation   
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  Fig. 53.1    ( a ) Chemical structure of  adenosine triphosphate   (ATP)   . ( b , 
 c ) Schematic representation of the chemical attachment of ATP to a glass 
( b ) or tissues ( c ) by the  glutaraldehyde   treatment.  Arrow  in  inset  of ( b ) 
shows actual  luminescence   image for the attached ATP with luciferin-
luciferase reaction. ( d ) Microscopic Differential interference contrast 
( d; DIC ) and luminescence ( e; Lumino ) images in IVCT-FS mouse 
 skeletal muscle   tissues.  M  muscle fi ber,  Co  connective tissue,  Nt  non-

tissue area. ( f )  HE-staining   image of IVCT-FS mouse skeletal muscle 
tissues.  Arrows  indicate erythrocytes in capillary and  arrowheads  indi-
cate striation in muscle fi ber. ( g ) Microscopic image of IVCT-FS mouse 
skeletal muscle tissue after the DAB reaction.  Arrows  indicate type I 
 muscle fi ber  s surrounded by higher number of  blood    vessel   s   compared 
to the other type II muscle fi bers. Precise data have been reported in the 
previous paper (Terada et al. [ 7 ]). Bars,  d ,  f , 10 μm;  f , 50 μm       
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(FS) in organic solution with  chemical fi xative   s   is supposed 
to retain them in situ [ 5 ,  6 ]. An additional merit of IVCT-FS 
compared to fresh freezing without any fi xative and thawing 
is stability of the tissue samples after sectioning, enabling 
the performance of accurate histochemical study with 
 various staining procedures. Moreover, the morphology 
observed in the sectioned tissues refl ects when IVCT is per-
formed. In this chapter, we demonstrate retainment of the 
luciferine- luciferase      reaction (LLR) for  glutaraldehyde   
(GA)-treated ATP and mouse  skeletal muscle   tissues with 
IVCT. Precise methods and results have been reported in the 
previous paper [ 7 ].  

53.2     Glass-Attached ATP with GA 
Retains LLR 

 Given the chemical structure of ATP (Fig.  53.1a ), the  phos-
phorous site   was opposite the NH 2  residue, which is thought 
to react to the CHO residue of GA. MAS-coated glass slides 
have abundant NH 3+  residues which were treated with GA 
(Fig.  53.1b ). ATP in water was chemically attached to the 
glass slide, and then, the glass slides were treated with lysine 
in water to close the aldehyde residues of GA. LLR was per-
formed with a commercially available  luciferase  .

   By detecting  luminescence  , intentional design was clearly 
visualized (inset in Fig.  53.1b ). Because ATP was supposed 
to attach to a glass slide as a single layer, this indicates that 
ATP molecules can be visualized with LLR after the GA 
treatment, due to retention of the phosphorous reactivity. 

 By quantitative evaluation of the LLR for ATP treated 
with GA in vitro, although the intensity of the relative light 
unit for ATP with the GA treatment was weaker than that for 
the ATP without the GA treatment, it was signifi cantly cor-
related with the ATP concentration.  

53.3     Detection of ATP in IVCT Mouse 
Skeletal Muscle with LLR 

 We assumed that ATP could be fi xed by the GA treatment 
during FS for the IVCT samples (Fig.  53.1c ). IVCT was per-
formed for the superfi cial gluteal muscles of anesthetized 
mice. The frozen samples were processed for the FS in ace-
tone containing 0.2 % GA. 

 Skeletal muscle tissues were confi rmed in the DIC mode 
showing structure of  muscle fi ber  s (Fig.  53.1d ).  Photon   
images were digitally obtained with a low-light-sensitive 
CCD camera (Fig.  53.1e ). In the  skeletal muscle   fi bers with 
 glutaraldehyde   during FS, photon signals were abundantly 
detected. Numbers of photon signals between muscle fi bers 
(M1 and M2 in Fig.  53.1d ) and connective tissues (Co in 
Fig.  53.1e ) were different. Without  chemical fi xative   s   during 

FS, photon signals were rarely detected. This indicates that 
the procedure presented here enables us to visualize ATP 
localization in tissue sections.  

53.4     Histochemical DAB Reaction for IVCT 
Mouse Skeletal Muscles 

 For some  cryosections   of  skeletal muscle   tissues with 
IVCT-FS, HE staining (Fig.  53.1f ) and a  diaminobenzidine   
(DAB) reaction (Fig.  53.1g ) were performed. In capillaries, 
direction of  blood    fl ow   was demonstrated by the helmetlike 
shape of  erythrocytes  ; the top of the helmet was thought to 
be the front (Fig.  53.1f ). It is well known that the number of 
capillaries around type I  muscle fi ber  s is higher than that 
around type II fi bers [ 8 ] and that the sizes of the capillary-to- 
muscle fi ber (C/F) interface differ with the tissue preparation 
procedure [ 9 ], although the C/F perimeter ratio was impor-
tant to determine oxygen fl ux capacity in skeletal muscles 
[ 10 ]. Products of the DAB reaction were detected inside red 
blood cells and type I skeletal muscle fi bers, which retain 
abundant myoglobin and mitochondrial enzymes. Imaging 
of the  capillary network   s   that refl ect  living state   s   is impor-
tant to evaluate the supply of oxygen to skeletal muscles. 
Thus, the vascular networks in skeletal muscles refl ecting 
basic  metabolism   in the sedated mice were demonstrated.  

53.5     Concluding Remarks 

 For the IVCT-FS mouse  skeletal muscle   tissue sections, 
amounts of ATP were visualized by LLR, and different reac-
tivities among the skeletal  muscle fi ber  s were detected at a 
micron scale, which probably refl ects the  living state  .     
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      Concluding Remarks       

     Shinichi     Ohno     ,     Nobuhiko     Ohno     , and     Nobuo     Terada    

        Many molecular components and structures of living animal 
or human organs in biological and medical fi elds are dynam-
ically changing for their necessary functions among lots of 
extracellular or intracellular body fl uid. The importance of 
 cryofi xation   for morphology and  immunohistochemistry  , as 
already described in this book, is based on the way how to 
change the water contents into tiny vitreous  ice crystal   s  . Our 
ultimate goal as morphological scientists is to obtain the real 
histology and pathology of  living animal organ   s   including 
humans and also immunohistochemical localizations of 
functional molecules in their cells and tissues. The IVCT 
presented in this review book is a fi rst step to instantly stop 
normal  blood    circulation   fl owing into various organs of liv-
ing animals, which can be usually followed with various 

light and electron microscopic procedures. Therefore, it is 
now possible to directly make morphological and immuno-
histochemical analyses of living animal organs by our IVCT 
without major stresses of  ischemia   and  anoxia  . We have 
already reported various new fi ndings of cells and tissues, 
which had never been demonstrated by the other conven-
tional preparation methods. As the IVCT can reveal the  func-
tional morphology   closer to “living animal organ” states, it 
will surely open the door for a new morphological fi eld of 
“ living animal morphology  ” during the twenty-fi rst century, 
which would be compatible with  dynamic image   s   revealed 
by the recent live-imaging method. The more signifi cant 
time will come soon, when we could bring about “morphol-
ogy renaissance” of living animal or human organs.   
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