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Abstract Distribution of serum proteins in renal glome-
ruli is important for histopathology in medical and bio-
logical Welds, but mechanisms of their passage through
glomerular capillary loops (GCL) are still diYcult to
clarify. We have tried to visualize topographical changes
of the serum proteins passing through GCL by “in vivo
cryotechnique” in combination with immunohistochem-
istry. Albumin and immunoglobulin G (IgG), Ig kappa
light chain and IgG1 heavy chain were mainly immuno-
localized in GCL, but not colocalized with zonula occlu-
dens-1 (ZO-1) under normotensive condition. Under
heart-arrest condition and in quick-frozen fresh tissues,
albumin and kappa light chain were immunolocalized in
Bowman’s space, indicating their passage caused by the
stoppage of blood supply. However, under acute hyper-
tensive condition, they were more clearly immunolocal-
ized along basement membranes and in the Bowman’s
space, indicating their increased passage through GCL.
IgG was also more clearly localized in mesangial areas
under acute hypertension, compared with that under the
normotensive or heart-arrest condition. This study is the
Wrst direct visualization for glomerular passage of serum
proteins under abnormal hemodynamic conditions by
the “in vivo cryotechnique”, and the experimental proto-
col will be useful for morphofunctional examination of

living mouse GCL and immunohistochemical analyses
of dynamically changing proteins.
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Introduction

It was reported that hemodynamic factors, such as blood
pressure and Xow, exerted an important inXuence on the
native morphology of glomerular capillary loops (GCL)
in living mouse kidneys (Ohno et al. 1996a, b, 2001). In
addition, they have been supposed to aVect glomerular
leakage of serum proteins in animal kidneys, which leads
to proteinuria under experimental and pathological
states, and is also related to progression in human renal
diseases (Olivetti et al. 1981; Remuzzi and Bertani 1998).
In such abnormal states, hyperWltrated serum proteins in
Bowman’s space are usually processed for increased
reabsorption in renal proximal tubules of living mouse
kidneys (Li et al. 2005). However, both experimental ani-
mal studies and clinical human cases have already sug-
gested that excessive amounts of the leaked proteins are
harmful to the proximal tubular epithelium, resulting in
interstitial inXammation and Wbrosis (Gansevoort et al.
1997; Jerums et al. 1997; Remuzzi 1995; Schreiner 1995;
Thomas et al. 1999). This concept implicates that the
leaked serum proteins may be an important factor for
the histopathological progression of chronic renal dis-
eases.

Glomerular Wltration barriers are known to be com-
posed of highly fenestrated endothelium, glomerular
basement membranes (GBM) and foot processes of
podocytes. They always play a role in charge- and/or
size-selective barriers against serum proteins (Reiser
et al. 2000; Rico et al. 2005). Under normal blood circu-
lation, the main GBM Wltration barrier for serum albu-
min was the central (lamina densa) and outer layers of
GBM and that for immunoglobulin G (IgG) was the
whole layers of GBM in rat kidneys (Fujigaki et al.
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1993). After acute hypertension induced by angiotensin
II, there was an increased immunointensity of albumin
and IgG in the GBM and urinary space of rat kidneys
(Olivetti et al. 1981). Such albumin and IgG were also
immunolocalized in mesangial matrix areas (Fujigaki
et al. 1993; Olivetti et al. 1981). However, their prepara-
tion methods using the in situ drip-Wxation with 4%
paraformaldehyde suVered from the drawback that the
drip-Wxation solution caused hemodynamic perturbation
of GCL in living rat kidneys and the translocation of
serum proteins might be easily induced by their leakage
from the blood capillary during the Wxation period.
Therefore, the renal glomerular selectivity of permeable
or non-permeable serum proteins has never been visual-
ized on thin paraYn sections with a light microscope and
a confocal laser scanning microscope (CLSM) because of
such technical limitations of the specimen preparation.

The common Wxatives in buVer solution, such as glu-
taraldehyde and paraformaldehyde, are mostly eVective
owing to their cross-linking properties for many sub-
stances in animal cells and tissues. However, it was
already reported that morphological studies with the
routine immersion or perfusion Wxation were not able to
clarify native structures of functioning kidneys in vivo
under normal or abnormal blood circulation (Yu et al.
1998a, b). In addition, they usually need considerable
time to Wnish cross-linking of soluble substances during
the perfusion or immersion Wxation, and some of them
are usually washed out from the Wxed specimens. An ulti-
mate goal of our morphological studies is that all fea-
tures of cells and tissues to be examined should reXect
the physiological meaning during animal investigation.
Therefore, the in situ preservation of cells and tissues in
living animal organs is necessary for the histological
studies to deWne their functioning structures in vivo.

We have already developed the “in vivo cryotech-
nique”, which is designed to arrest transiently dynamic
ultrastructures in living animal organs by the combina-
tion of a precooled cryoknife with isopentane–propane
cryogen (Ohno et al. 1996b, 2004a; Terada et al. 2006).
Using the “in vivo cryotechnique”, all biological pro-
cesses in the living animal organs were instantly stopped
and embedded in the ice microenvironment, maintaining
all their substances in situ (Terada et al. 2005). Then the
“in vivo cryotechnique” can also be followed by various
preparation steps for morphological analyses (Ohno et al.
2004b). The common freeze-substitution is supposed to
cross-link some substances of the quickly frozen cells and
tissues in non-aqueous organic solvents containing Wxa-
tives at low temperatures, in which diVusion of their solu-
ble molecules would always be limited (Bridgman and
Dailey 1989; Liao et al. 2006; Terada and Ohno 2004).
The cryoWxed and freeze-substituted specimens are then
embedded in the paraYn wax, presumably leaving some
antigenic sites exposed in the frozen cells and tissues due
to the formation of tiny ice crystals (Ohno et al. 2005).

In the present study, topographical distributions of
soluble serum proteins in living mouse renal glomeruli
were immunohistochemically examined under diVerent

hemodynamic conditions by the “in vivo cryotechnique”
because their leakage from the GCL and also following
reabsorption in the proximal convoluted tubules were
assumed to be strictly time-dependent processes under
an acute hypertensive condition.

Materials and methods

“In vivo cryotechnique” for living mouse kidneys

Twelve adult C57BL/6 mice, weighing 20–30 g, were anes-
thetized by intraperitoneal injection of sodium pentobar-
bital. Then their abdominal cavities were opened, and left
kidneys were detected under normal blood circulation, as
a control group of four mice. As the Wrst experimental
group of four mice, to examine the immunolocalization
of albumin and IgG passing through GCL, an experimen-
tal model with acute renal hypertension was prepared in
the same way as described before (Li et al. 2005; Ohno
et al. 1996b; Roman and Cowley 1985; Zhang et al. 1998).
To examine the immunolocalization of serum proteins in
GCL of mouse kidneys under heart-arrest condition as
the second experimental group, blood Xow into the kid-
neys was almost stopped by arresting their beating hearts
with intraperitoneal injection of excessive amounts of the
anesthetic, as described before (Ohno et al. 2001).

Then the “in vivo cryotechnique” was performed
under the three blood Xow conditions, as previously
reported (Li et al. 2005). BrieXy, a cryoknife edge pre-
cooled in liquid nitrogen (¡196°C) was positioned over
the left kidney of living mice. The kidney was immediately
cut with the precooled cryoknife, and another liquid
isopentane–propane cryogen (¡193°C) was simulta-
neously poured over it with the assistance of the “in vivo
cryoapparatus” (IV-11; Eiko Engineer Co., Ibaraki,
Japan). The frozen kidneys were carefully trimmed out
with a dental electrical drill in liquid nitrogen and then
processed for the following freeze-substitution step, as
reported before (Ohno et al. 1996a, b, 2001).

Quick-freezing of resected kidney tissues

Left kidney tissues of four living mice under the similar
anesthesia were resected out with razor blades and
quickly plunged into the isopentane–propane cryogen
(¡193°C) cooled in liquid nitrogen, as reported before
(Zea-Aragon et al. 2004). The frozen specimens were
then processed for the following freeze-substitution step.

Freeze-substitution Wxation and paraYn embedding

Tissue pieces of the frozen kidneys were freeze-substi-
tuted in acetone containing 2% paraformaldehyde (PF)
cooled with dry ice–acetone at ¡80°C for 48 h. They
were then serially kept at ¡20, 4°C and room tempera-
ture for 2 h each. They were thoroughly washed in pure
acetone at room temperature twice for 2 h each and
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transferred into xylene. Finally, they were routinely
embedded in the paraYn wax.

Immunostaining on de-paraVinized sections

The paraYn-embedded kidney tissues were cut at 4–5 �m
thickness, and the thin sections were de-paraVinized with
xylene and a graded series of ethanol. They were Wrst
incubated with 5% gelatin (Sigma Co., St Louis, MO,
USA) in phosphate-buVered saline (PBS) for 1 h and
then with goat anti-mouse albumin (at a dilution of
1:2,000; Bethyl Laboratories, Inc., Montgomery, TX,
USA), rabbit anti-mouse IgG whole molecule (IgG; at a
dilution of 1:2,000; Bethyl Laboratories, Inc.), goat anti-
mouse kappa light chain, goat anti-mouse IgG1 heavy
chain (at a dilution of 1:1,000 for both antibodies; Bethyl
Laboratories, Inc.) and rabbit anti-zonula occludens-1
(ZO-1; at a dilution of 1:200; Zymed Laboratories, Inc.,
South San Francisco, CA, USA) antibodies at 4°C over-
night. They were then incubated with donkey anti-rabbit
IgG antibody coupled to Alexa Fluor 488 (Molecular
Probes, Eugene, OR, USA) at a dilution of 1:1,000 for
1 h. After being washed in PBS, they were also incubated
with donkey anti-goat IgG antibody coupled to Alexa
Fluor 546 and TO-PRO-3 (Molecular Probes) at a dilu-
tion of 1:1,000 each for 1 h. Finally, they were embedded
in Vectashield (Vector Laboratories, Inc., Burlingame,
CA, USA) and examined by CLSM (FV1000, Olympus,
Japan). Subsequently, the exactly same sections were
stained with hematoxylin–eosine (HE) and observed
again with a light microscope (BX-61, Olympus)

Results

HE staining with “in vivo cryotechnique”

The common HE staining was performed to examine the
native morphology in the living mouse kidneys, as
obtained by the “in vivo cryotechnique” (Fig. 1a–c). Well-
preserved areas of renal cortical tissues under diVerent
hemodynamic conditions were usually obtained within
300–400 �m from the frozen tissue surface without visible
ice crystals at a light microscopic level, as already
reported (Li et al. 2005). To compare with the “in vivo
cryotechnique”, quick-freezing of resected kidney tissues
followed by freeze-substitution was also performed, as
described above (Fig. 1d). The GCL were kept open
under normotensive condition (Fig. 1a, arrows), but
almost collapsed under heart-arrest condition (Fig. 1b,
arrows). On the contrary, they were widely open under
acute hypertensive condition (Fig. 1c, arrows), as com-
pared with that under normotensive condition. However,
they were most severely collapsed in the conventional
specimens prepared by tissue resection followed by quick-
freezing (Fig. 1d, arrow). In addition, under acute hyper-
tensive condition, the luminal spaces of proximal (Fig. 1c,
P) and distal (Fig. 1c, D) tubules and Bowman’s spaces

(Fig. 1c, B) were the most clearly opened, as compared
with those under the other hemodynamic conditions.

Immunolocalizations of albumin and ZO-1 in glomeruli

The ZO-1 is reported to be immunolocalized in epithelia
of the nephron, but the glomerular epithelium is more
intensely immunostained than any other epithelia
(Fig. 2). So it can be a good tracer for the foot processes
(Reiser et al. 2000; Schnabel et al. 1990). To identify
whether the serum proteins, such as albumin and immu-
noglobulin, pass through the Wltration barriers of GBM,
we used the immunostaining of ZO-1 as a speciWc
marker for the foot processes (Fig. 2b), which was fol-
lowed by HE staining on the same sections under nor-
motensive condition (Fig. 2a), prepared by the “in vivo
cryotechnique”. The immunoreactivity of ZO-1 was
clearly detected at the sites of foot processes along the
GCL (Fig. 2b), in which Xowing erythrocytes were
observed with HE staining (Fig. 2a). Albumin immuno-
reaction products were also examined with the double
immunoXuorescence staining for albumin and ZO-1 to
be exclusively localized within or along the GCL under
normotensive condition, respectively (Fig. 3a–c), as pre-
pared by the “in vivo cryotechnique”. Under heart-arrest
condition, albumin was also immunolocalized in the
Bowman’s space and dotted immunolocalization pat-
terns of ZO-1 were clearly seen along GCL (Fig. 3d). In
addition, albumin immunolocalization in the specimens
prepared by quick-freezing of resected kidney tissues was
almost similarly detected (Fig. 3e). On the contrary,
under acute hypertension, albumin immunolocalization
was more clearly detected in the Bowman’s space and
proximal convoluted tubules by the double immunola-
beling with ZO-1, indicating that such albumin proteins
were passing through the foot process layers (Fig. 3f).
We also counted the number of glomeruli where albumin
leakage was deWnitely observed and found that the calcu-
lated percentage of leakage was 76.9, 80 and 87.5% of
glomeruli under heart-arrest, quick-freezing followed by
tissue resection and acute hypertensive conditions,
respectively, although no albumin leakage could be
observed under normotensive conditions.

Immunolocalizations of albumin and IgG in glomeruli

To directly examine the glomerular permeability to
serum proteins, the double immunoXuorescence stain-
ing for albumin and IgG was performed on paraYn
sections of living mouse kidneys prepared by the “in
vivo cryotechnique” (Fig. 4). The antibody against IgG
detects both IgG whole molecules and free light chains
in the kidney tissues. Under normotensive condition
(Fig. 4a–c), immunoreaction products of both albumin
and IgG were exclusively colocalized along or within
the GCL, and only IgG immunolocalization was also
seen in some mesangial areas (MA) (Fig. 4c, inset). Nei-
ther albumin nor IgG was immunolocalized in Bow-
man’s space (Fig. 4a–c). On the contrary, under heart-
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arrest condition (Fig. 4d) and by quick-freezing after
tissue resection (Fig. 4e), immunoreaction products of
both albumin and IgG were found to be localized in the
Bowman’s space (Fig. 4d, e), indicating the rapid trans-
location of serum proteins under ischemia or anoxia.
Under acute hypertensive condition (Fig. 4f), however,
IgG immunostaining was more clearly detected in MA
than that under normotensive and heart-arrest condi-
tions. In addition, the immunostaining of both albumin
and IgG was seen in some Bowman’s spaces (Fig. 4f,
right lower inset). We have also conWrmed their reab-
sorption into the proximal convoluted tubules in a sim-
ilar way (Fig. 4f), as previously reported (Li et al. 2005).

Immunolocalizations of ZO-1 and kappa light chain
or IgG1 heavy chain in glomeruli

The antibody against kappa light chain detects IgG
whole molecules and free kappa light chains, whereas
another antibody against IgG1 heavy chain visualizes
only IgG whole molecules. Under normotensive condi-
tion, both kappa light chain and IgG1 heavy chain were
mostly immunolocalized within GCL and MA, as shown
in Fig. 5a and b. To examine whether other IgG proteins
with the full molecular weight were leaked out through
GBM into Bowman’s spaces under acute hypertensive
condition, further immunostaining analyses for the

Fig. 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 cap-
illary loops are kept open under normotensive condition (a, arrows),
but almost collapsed under heart-arrest condition (b, arrows). They
are widely open under acute hypertensive condition (c, arrows), as

compared with those under normotensive condition. However, they
are most severely collapsed in the specimens prepared by tissue
resection followed by quick-freezing (d, arrow). The luminal spaces
of proximal (c; P) and distal (c; D) tubules and Bowman’s spaces
(c; B) under acute hypertensive condition are more clearly opened,
as compared with those under the other hemodynamic conditions
(a, b, d). Scale bars: 20 �m

Fig. 2 Light micrographs, 
showing hematoxylin–eosine 
staining (HE; a) and immuno-
Xuorescence staining for zonula 
occludens-1 (ZO-1; b) on exactly 
the same section, prepared un-
der normotensive condition by 
the “in vivo cryotechnique”. The 
ZO-1 is clearly immunolocalized 
around the glomerular capillary 
loops (b, arrows), in which Xow-
ing erythrocytes are deWnitely 
observed with HE staining (a, 
arrows). Scale bars: 20 �m
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kappa light chain or the IgG1 heavy chain were per-
formed on serial paraYn sections (Fig. 5c, d). Alternative
immunoreaction products of both kappa light chain and
ZO-1 were clearly seen along some GCL (Fig. 5c, insets),
but not those of IgG1 and ZO-1 (Fig. 5d). The kappa
light chain was also found to be immunolocalized in
Bowman’s spaces (data not shown) and apical cytoplasm
of almost all proximal tubules, as already reported (Li
et al. 2005). Additionally, the immunoreactivity of kappa
light chain was observed in MA (Fig. 5c, arrows). On the
contrary, the immunoreactivity of IgG1 heavy chain was
detected exclusively within the GCL and MA, but not in
the Bowman’s space. These Wndings indicate that immu-
noglobulin light chains, but not IgG with the full molec-
ular length, were more easily leaked out under acute
hypertensive condition.

Discussion

The main purpose of “in vivo cryotechnique” is to
promptly immobilize all biological components of living
animal organs in tiny ice crystals, which are followed by

various analyses on the frozen samples, demonstrating the
native morphology of functioning cells and tissues (Ohno
et al. 2004a; Terada et al. 2006). In the present study, we
have shown that the “in vivo cryotechnique” followed by
freeze-substitution could visualize not only the morphol-
ogy of living mouse kidneys under various hemodynamic
conditions, but also the immunolocalization of serum pro-
teins in their glomeruli. The “in vivo cryotechnique” is
quick enough to arrest transient physiological processes
of the living mouse kidneys under various hemodynamic
conditions, which can overcome the technical problems of
conventional Wxation processes. In addition, the “in vivo
cryotechnique” in combination with immunoXuorescence
microscopy has become a powerful tool to visualize the
immunolocalization of various soluble molecules in the
living mouse glomeruli. The Xuorescence-labeled antibod-
ies for the common CLSM are often used for obtaining
high-resolution images of molecular localizations (Matsu-
zaki et al. 1997). In the present study, the usage of TO-
PRO-3 for nuclear staining and anti-ZO-1 antibody to
obtain the images with triple-Xuorescence colors could
clearly show the dynamically changing immunodistribu-
tion of serum proteins in GCL, MA and Bowman’s spaces
under various hemodynamic conditions.

Fig. 3 Confocal laser scanning 
micrographs, demonstrating 
double-Xuorescence immunolo-
calizations of zonula occludens-
1 (ZO-1; green color) and albu-
min (albumin; red color). Under 
normotensive condition (a–c; 
normotension), albumin immu-
nolocalization is primarily re-
stricted within the glomerular 
capillary loops (b), and its 
immunoreactivity could not be 
detected in the Bowman’s space 
nor did it overlap with the linear 
immunostaining of ZO-1 (c). 
Under heart-arrest condition 
(d; heart-arrest) and in the kid-
ney tissues quickly frozen after 
tissue resection (e; tissue resec-
tion), albumin is also immunolo-
calized in the Bowman’s space
(d and e, arrows). Under acute 
hypertension (f; hypertension), 
dotted immunoreaction prod-
ucts of albumin in the Bow-
man’s space are also conWrmed 
by the immunolabeling of ZO-1 
(f, arrows). The TO-PRO-3 (blue 
color) is used for nuclear Xuores-
cence staining. Scale bars: 10 �m
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The present study demonstrated that serum albumin
and IgG were usually kept within GCL under normal
hemodynamic condition, except for the IgG in some
MA, and neither albumin nor IgG was immunolocalized
in the Bowman’s space of the living mouse glomeruli.
However, under acute hypertensive condition, the immu-
nolocalization of IgG1 heavy chain was more clearly
detected in MA than that under normal hemodynamic
condition, and the increased immunoreactivity of IgG in
MA might be attributed to the acutely increased pressure
in GCL by ligation of aorta at a distal point of branching
renal arteries, as reported before (Li et al. 2005). These
Wndings are diVerent from the previous observation with
the conventional preparation methods that the mesan-
gial matrix contains small amounts of albumin and IgG,
which might be due to the conventional Wxation proce-
dures (Olivetti et al. 1981; Ryan et al. 1976; Ryan and
Karnovsky 1976).

The leakage of albumin and kappa light chain into the
Bowman’s space was increased under acute hypertensive
condition, as also suggested by their reabsorption into the
proximal tubules (Li et al. 2005). Moreover, their immu-
nolocalization changes in the glomeruli were also due to
the increased pressures in GCL, easily causing their
passage through GBM. From our Wndings, the serum

proteins’ leakage and their reabsorption usually occurred
within 10 min under the experimentally acute hyperten-
sion because higher pressures in the GCL would mechan-
ically change the barrier structures of molecular sieves in
the GBM, as already examined at an electron microscopic
level by the “in vivo cryotechnique” (Ohno et al. 1996a, b,
2001). Thus, higher pressures would impair the size-selec-
tive barrier functions of GBM and slit diaphragm, and
then we could detect the leakage of serum proteins with
low molecular weights, such as albumin and kappa light
chain, which in turn caused their reabsorption in the
proximal tubules (Batuman et al. 1990; Batuman and
Guan 1997; Birn et al. 2000; Brunskill 2000; Khamlichi
et al. 1995; Li et al. 2005; Olivetti et al. 1981; Remuzzi and
Bertani 1998; Ryan et al. 1976; Ryan and Karnovsky
1976). Some IgGs with whole molecular weight were
reported to be extensively trapped in the GBM under
pathological conditions, such as membranoproliferative
glomerulonephritis, membranous nephropathy and lupus
nephritis (Bijl et al. 2002; Imai et al. 1997). 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 ischemia or hypoxia, such as the hypotensive con-
dition, was reported to induce some changes in glomerular

Fig. 4 Confocal laser scanning 
micrographs, showing immu-
nolocalizations of IgG with 
whole molecular weight (a; IgG; 
green color) and albumin (b; red 
color) in the renal glomeruli, ob-
tained by the double immuno-
Xuorescence staining. Under 
normotensive condition (a–c; 
normotension), both IgG and 
albumin immunolocalizations 
are detected within the glomeru-
lar capillary loops, and only IgG 
is also immunolocalized in the 
mesangial areas (MA) (c, arrow-
heads). Under heart-arrest con-
dition (d; heart-arrest) and tissue 
resection followed by the quick-
freezing method (e; tissue resec-
tion), the immunoreaction prod-
ucts of both IgG and albumin 
are also found in the Bowman’s 
space (d and e, arrows), and only 
IgG is slightly immunolocalized 
in MA (d and e, arrowheads). 
Under acute hypertensive condi-
tion (f; hypertension), large 
clumped immunoreaction prod-
ucts 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 �m
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structures and also damages of renal microvascular cell–
cell junctions, which then contribute to the increased
vascular permeability and local interstitial edema (GriYth
et al. 1967; Pagtalunan et al. 1999; Sutton et al. 2003). In
our study, the leakage of both albumin and IgG from the
GCL into Bowman’s spaces could be detected under
heart-arrest condition. In addition, their immunolocaliza-
tion in the conventional specimens prepared by quick-
freezing of the resected kidney tissues was almost similar
to that observed under heart-arrest condition. The rapid
translocation of serum proteins from the GCL into Bow-
man’s spaces may be caused by lower blood pressures,
ischemia and/or serious hypoxia before quick-freezing
(Fujigaki et al. 1993; Zea-Aragon et al. 2004).

In conclusion, 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 pre-
cise immunodistribution of serum proteins leaked out
of the glomeruli and their reabsorption into the renal
proximal tubules under various hemodynamic condi-
tions.
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