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The morphological investigations concerning vascular permeability in the 
brain and the related problem of the blood-brain-barrier have relied mainly on 
the use of acid dyes. However, the protein binding affinity of these compounds 
e.g. try-pan blue, has led to some controversial interpretations regarding the 
extent to which the observed permeability phenomena were attributable to the 
penetration of the dye-bound protein or of the dye itself (G~EG]~RSE~ and 
I{AWSO~; TSCHmGI 1950, 1952; BI~O~rA~ 1949, 1955). I t  may be assumed 
that  this problem could be considerably elucidated ff the penetration of these 
substances could be evaluated separately. With this consideration in mind fluores- 
cain labeled serum protein conjugates (FLSP) as well as free fluoreseein isothio- 
cyanate (FITC) tracer were utilized to investigate vascular permeability in the 
present study. 

I t  is evident from our electrophoretic observations that the remarkable 
albumin binding capacity of FITC prevented the assessment of the penetration 
of the free fluorescent marker. However the treatment of the protein conjugates 
with activated carbon provided protein preparations completely free of the 
unbound dye and thereby afforded an opportunity for observations on vascular 
permeability with respect to proteins. 

The present study was undertaken on eats which were injected intravenously 
with fluorescent indicators. Morphological observations on vascular permeability 
to these compounds were derived from normal brain tissue as well as from areas 
where the blood-brain-barrier was artifieally abolished by the cold injury using 
the technique previously described (KLATZO et al.). 

Material and Methods 
Bovine albumin (crystalline and fraction V)1, bovine gamma globulin (fraction II)1, cat 

fibrinogen, and eat serum were conjugated with fluorescein isothiocyanate 1 according to the 
method originally described by Coo~s and KA3eLAST. In order to remove the free dye the con- 
jugates were subjected to the following procedure. Activated carbon (norit-A) 2 was added to 
a protein conjugate in the ratio of 1 g of carbon to 1 g of protein. The mixture was magneti- 

* From the Section of Neuropathology, Surgical Neurology Branch, National Institute 
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cally stirred for one hour at 4~ and then left overnight in the refrigerator. The carbon was 
removed by centrifugation and the entire procedure was repeated once again. After carbon 
adsorbtion the conjugate was dialysed at 4~ for 2 days against 0.15 ~ NaCI with the saline 
changed at least twice daily. The from pH of the conjugate was adjusted to 7.4 with 0.2 1~ 
phosphate buffer. 

For electrophoretic analysis of conjugates and of free FITC, 0.006 ml samples containing 
a conjugate or 0.02~ FITC solution in saline were used. Electrophoresis was conducted in 
M/15 phosphate buffer, pH 7.4, at 100 V., for 18 hours. The electrophoretic strips were exam- 
ined and photographed under ultra violet light. 

The protein binding capacity of FITC in vitro was assessed by mixing equal amounts of 
cat serum and 0.020/o FITC solution and subjecting 0.006 ml samples of this mixture to paper 
electrophoresis under the conditions as described above. 

The protein binding capacity of FITC in vivo was investigated by electrophoresis of serum 
samples derived from cats injected intravenously with the FITC. The animals received 10 ml 
of solution containing 100 mgm of FITC in 0.15 ~ NaC1, p~ 7.4. Serum samples were taken 
at 1 hour, 6 hours, 24 hours, and 48 hours after the injection. 

Local brain injury was produced in cats by application of a cold metal plate (--50~ 
to the exposed cortex. 

Prior to the cold injury the cats were injected intravenously with various protein conju- 
gates (20 ml of 8~ protein solution) or with free fluorescent marker (10 ml of 0.5~ FITC 
solution in 0.15 M NaC1, p~ 7.4). The animals were sacrificed after the cold injury at various 
time intervals either by decapitation or by cutting the major blood vessels in the thorax. 
Some cats were perfused at the time of sacrifice by the following technique. A cannula was 
introduced through the left ventricle into the ascending aorta, the descending aorta was 
clamped, and the right auricle was opened. The perfusate consisted of Ringer's solution, 
warmed to body temperature, followed by 10% formol-saline. The number of animals used, 
the type of fluorescent indicator, and the time interval are summarized in Table 1. 

Table 1 .  Number of cats sub 

6 hrs 

Injected with FITC 

Injected with FLA 

Injected with FLG** 

Injected with F L F  

Injected with FLS *** 

Non-injected (for FAN stain) 

Totals 

8;6p* 

26 

iected to cold injury and the time o/the sacrifice 

24hrs 48hrs 3d 5d 7d I 13 d [ 

6 

12 

6 

4 

3 

31 

10 

4 4 

4 

21 15 

5 5 4 

3 2 

9 5 6 

Total 
Number 

113 

* p ~ perfusion; ** FLG ~ fluoresccin labeled globulin; *** FLS ~ fluorescein labeled 
serum. 

The brains were removed and sectioned coronally through the area of lesion into blocks 
3 - -4  mm in thickness. For gross observations and photography the specimens were illuminated 
with a Hanovia U.V. lamp. Superanscochrome Daylight film in conjunction with U.V. 16, 
Y-70 and 5~-10 filters was used for color photography while black and white photographs were 
obtained on Adox KB-14 film using G-15 filter. 

The tissue blocks were fixed overnight in 10~ formol-saline. Sections 6--10 # in thickness 
were cut on the freezing mierotome and mounted with 50% glycerol. The details of fluorescence 
microscopy were as follows: light source-- HBO 200 mercury vapor lamp; exciter filter --  B G 12; 
barrier filters-- GG 4 and 0 G 4; condensor -- dark field; films-- Superanscochrome Daylight 
and Adox KB-14. 

In  addition to the unstained preparations for the fluorescence microscopy, adjacent frozen 
sections were stained with the FAN method (basic fuchsin, amido-black 10 B and naphtol 
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yellow) introduced by MIQVEL and C~LVO. The identity of various cellular elements observed 
in fluorescence optics was occasionally confirmed either by switching from fluorescence to 
phase-contrast optics without moving the slide or by staining the preparations with FAN and 
refocusing on ~he same microscopic field. 

Results 

A. Eleetrophoretic assessment o] the fluorescent tracers 

The electrophoretic pat tern  of the free FITC was characterized by four 
distinct bands which fluoresced bright green under the U.V. light (Fig. 1A). 
Conversely, the carbon adsorbed protein conjugates revealed a complete absence 
of the free FITC pattern,  and the only evident green fluorescence corresponded 
strictly in location to the protein component of the conjugate, indicating a 

Fig.  1 A - - J .  A Electrophoret ic  pa t t e rn  of  free ~ I T C  showing 4 character is t ic  bands .  B Bovine  g a m m a  globulin 
conjuga te  a f t e r  carbon adsorb t ion  and  dialysis.  Eleet rophoret ic  pa t t e rn  of  free F I T C  is no t  recognizable.  The green  
fluorescence is localized wi th in  an  a rea  close to  the  s t a r t i ng  line. C Sta in ing of  a s t r ip  as shown in ]~ wi th  b r o m  
phenol blue confirms tha t  the  green  fluorescent a rea  seen in B corresponds in  locat ion to g a m m a  globulin. D Str ip  
represen t ing  cat  s e rum m i x e d  wi th  F I T C  in vitro. Green fluorescence of  ~ I T C  corresponds in  locat ion to the  a lbumin  
band.  E ]~tectrophoresis o f  ca t  serum,  s ta ined  wi th  b r o m  phenol  blue. ~ Se rum sample  t aken  1 hour  af ter  in t ra -  
venous in jec t ion  of  F ITC.  The fluorescence is seen ma in ly  in  the  a lbumin  area. Smudgy ,  f a in t  fluorescence exten-  
d ing beyond  this  band  is due $o the  excess of  free dye in  the  se rum (also noticeable in G). G 6 hour  sample .  
H 24 hour  sample .  I 48 hour  sample .  The  green  fluorescence corresponds s t r ic t ly  to the  a lbumin  band.  J l%ormal 

cat  se rum s ta ined  wi th  b r o m  phenol  blue 

thorough removal  of the unbound FITC from the preparation (Fig. 1 B and C). 
Mixing eat serum with FITC in vitro demonstrated a strong and almost selective 
binding of FITC by  the albumin. The electrophoretic strip presented in Fig. 1 D 
shows this phenomenon dearly.  This property of FIT(? to form a complex with 
albumin was retained a;lso in vivo as is evident from the eleetrophoretielstrips 
shown in Fig. 1 F, G, I t  and I.  Although the serum samples, obtained one and 
six hours after intravenous FITC injection, showed some smudgy fluorescence 
outside of the albumin band (which is undoubtedly due to the excess of free dye 
in the serum), the 24 and 48 hour samples revealed fluorescence confined only to 
the albumin fraction and thus presented an eleetrophoretie picture identical to 
tha t  which would be obtained by injecting the fluoreseein labeled albumin (FLA). 
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B. Observations on the normal brain 

The observations on the normal brain were obtained from 6 control cats 
injected with F L S P  or from operated animals in regions distant to the cold lesion 
and to the areas of edema. 

The various injected tracers showed no difference with regard to their dis- 
tribution in the normal brain and they were easily detectable by a characteristic 
bright green fluorescence. This fluorescence was distinct from the autofluorescence 
of various tissue constituents of the normal brain with the exception of the 
elastic laminae of the larger blood vessels which appeared greenish in color. With 
the combination of the barrier filters used (GG4, OG4), numerous cytoplasmic 
pigment granules (present in the neurons, glia, ependyma, choroidal epithelium, 
as well as in the perivascular or leptomeningeal macrophages) were easily dis- 
tinguishable from the tracer by their orange autofluorescence. I t  should be noted, 
tha t  with barrier filters which have transmittance limited more to the yellow-red 
end of the visible spectrum, these pigment granules may  appear close in color to 
that  of the fluorescein indicator and thus possibly provide a source of error in 
interpretation. The normal brain parenchyma generally exhibited a bluish auto- 
fluorescence which was more marked in the white mat te r  due to the presence of 
intensely blue autofluorescent myelinated fibers. 

In  the animals without intravascular perfusion, the brain tissue with excep- 
tion of the special areas mentioned below, showed the FLSP  confined to the 
lumina of the blood vessels, regardless of their caliber. No green fluorescence 
could be detected either in the endothelial cells or in the underlying basement 
membranes. A different picture was observed in the choroid plexus, area postrema 
and the tuber einereum, i.e., regions which are generally credited with special 
permeabili ty relationships in the CNS. Other similar areas, such as the pineal body 
and intercolumnar tubercle, were not examined. 

The choroid plexus exhibited a distinct green fuorescence of the connective 
tissue fibers surrounding the blood vessels and underlining the epithelial layer 
(Fig. 17). The choroid epithelium cells frequently contained orange pigment 
granules in their cytoplasm but showed no presence of the green fluorescence. 
The area postrema and the tuber cinereum resembled the choroid plexus in the 
intense green staining of the perivascular connective tissue fibers of the blood 
vessels which are characteristically large and sinusoidal in these areas (Figs.2 
and 3). However, in no instance was there any evidence of FLSP passage into 
the parenchyma outside of the vascular structures. 

U. Observations on the area o/ cold in jury  

The localized cold lesion used in the present s tudy has been previously des- 
cribed in detail (KLATZO et al.). In  brief, the application of a metal  plate cooled 
to --50~ to the exposed cortex of tile cat for one minute results in a saucer 
shaped, sharply demarcated necrosis of the superficial cortical layers, the deeper 
layers of the cortex usually remaining intact. Within a few hours after cold 
application the underlying white mat ter  shows evidence of edema, which extends 
into the white mat te r  of adjacent gyri and approaches the lateral ventricle. The 
microscopic examination of the area of edema with routine histological methods 
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Fig. 2. Area postrema. Cat injected with FLA. Bright green fluorescence of the connective tissue investitures of ttl 
prominent blood vessels. • 220 

Fig.3. Tuber einereum. Cat injected with FLG.  Intense green fluorescence of the connective tissue elements which 
invest the siausoidal blood vessels. • 120 

Fig.4. White mat ter  of the gyrus subjected to cold injury. Cat injected with FLA and sacrificed 8 days after the 
operation. Amoeboid microglial cells filled with discrete green inclusions surround a blood vessel, • 340 

~ig.5. Amoeboid type of the mieroglia filled with FLA inclusions. White mat ter  of the gyrus subjected to cold 
injury. Cat injected with FLA and sacrificed 24 hours after the operation, • 650 

Fig.6. A "rest ing" type of the microgliaeyte in the white matter ,  cat injected with FLA and sacrificed 7 days 
after cold injury. The cell shows a diffuse green fluorescence of the nucleus and the faint outline of the processes, 

Few green inchL~ions are visible in the cytoplasm 

Fig.7. Edematous white mat ter  in the eat injected with F L F  and sacrificed 24 hours after cold injury. Note the 
network of filamentous green threads without any spatial relationship either to cellular elements or to blood 

vessels. • 450 
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does not reveal any appreciable destruction of tissue elements: the myelinated 
fibers, although spread wider apart,  remain preserved, and no lipoidal debris in 
the microglia can be detected. The duration of eclema in the white matter,  as 
ascertained by  the size of the gyrus and by the general histological appearance 
does not persist beyond 5--7  days, and the final resulting lesion consists of a 
superficial cortical scar and hypertrophic astrocytcs in the area of detumescenee. 

Observations on the cold lesion with fluorescent tracers revealed no conclusive 
difference in the morphological appearance among the individual protein conju- 
gates and the FITC with the exception of labelled fibrinogen (FLF), which will 
be described separately. In  view of the remarkable affinity of FITC to the albumin 
in the serum as shown by the electrophoretie study, it may  be assumed that  the 
observations with the FITC demonstrated essentially the penetration of FLA. 

Cats sacrificed 6 hours after the cold injury without intravascular perfnsion 
showed grossly an area of green fluorescence in the white mat ter  of the injured 
gyrus and extending with a striking predilection into the white mat ter  of the 
adjacent gyri (Fig. 16). Microscopically the area of cortical necrosis was filled 
with green fluorescent serum exudate. The neurons within the necrotic lesion and 
in a zone surrounding this area were conspicuous by their intense, diffuse green 
fluorescence (Fig. 8). Otherwise, the cerebral cortex adjacent to the necrotic area 
showed occasional green fluorescent extravasates confined to the immediate 
vicinity of the blood vessels. The white matter ,  which showed green fluorescence 
to the naked eye, revealed a characteristic pat tern microscopically which can be 
best described as a "mott led"  appearance. As can be seen from Fig. 18 it was 
not possible to relate this green "mottl ing" to outhnes of the glial elements 
and there was no demonstrable relationship between FLSP  fluorescence and 
the traversing parallel nerve fibers which were conspicuous by their blue auto- 
fluorescence. In  some areas at  the periphery of the "mott led"  pat tern occasional 
astrocytes were noted to contain the characteristic, pinoeytotic FLSP  inclusions 
as described in our previous communication (KLATZO and MrqunL). These dis- 
crete, bright green inclusions were distributed predominantly in the astroeytie 
expansions, but  occasionally they were especially prominent in the vascular 
foot-plates (Fig. 11). 

In  the cats which were sacrificed 6 hours after injury and perfused intra- 
vascularly, the "mott led"  FLSP  fluorescence appeared to be reduced in extent 
and intensity or almost absent. The white mat te r  in tile area of edema, which 
was free of the green "mott l ing" showed numerous astrocytes and occasional 
ohgodendroeytes with discrete FLSP  inclusions conspicuously visible on the blue 
autofluorescent background (Fig. 19). 

In  the animals injected with various fluorescent tracers (excluding FLF) and 
sacrificed 24 hours after the cold injury the "mott led"  green fluorescence appeared 
to be less pronounced in comparison to tha t  observed in 6 hours non-perfused cats. 
The remaining "mot t led"  pat tern tended to be more persistent in the immediate 
subcortical zones of the edematous white matter ,  whereas the more central areas 
were usually free of "mott l ing" and revealed numerous astrocytes and oligo- 
dendroeytes with discrete FLSP  inclusions. Most of these nenroglial 1 cells with 

1 The term "neuroglia" in this study applies to astroeytcs and oligodendroey~es. The 
term "glia" includes also the microglia cells. 
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the green inclusions remained practically invisible themselves; nevertheless, the 
localization of the FLSP inclusions within these cells could be inferred from the 

' 4  

~ig. 8--13 

distribution of the inclusions which were outhning the main cellular body and 
the processes (Fig. 10). The identification of the cellular type was further ascer- 
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rained by phase-contrast observations on the same cells or by studying the same 
microscopic field after FAN staining and remounting of the preparation. Some 
of the astrocytes could be easily recognized without these additional procedures 
by the faint, diffusely green outline of their cytoplasm. In  a few eats in which 
the cortical lesion was more severe than usual and associated with a very pro- 
nounced distention of the affected gyrus, the edematous white ma t t e r  contained 
diffusely green and markedly swollen astrocytes. The discrete FLSP  inclusions 
were usually absent in such cells. In  addition some of the nerve fibers in these 
areas appeared diffusely green and markedly swollen. At this t ime interval after 
the operation (24 hrs.) there was the first appearance in the edematous white mat-  
ter of the FLSP  inclusions in cells which were classified as being of microglial 
origin. These cells had usually amoeboid or roundish-oval outlines and were 
rifled with brightly green FLSP  inclusions in their cytoplasm (Fig.5). Staining 
of the corresponding sections for neutral fat  regularly failed to show any sudano- 
phflie material  in these cells. The FLSP-containing microgllal cells were usually 
scattered throughout the edematous white mat ter  and were more frequent in the 
perivascular location (Fig. 4). Occasionally these cells could be seen in the over- 
lying cerebral cortex where they were commonly positioned as satellites applied 
to the darkly outlined neurons (Fig. 9). Frequently the regions of the cerebral 
cortex containing scattered FLSP-filled microglia showed small, green fluorescent 
droplets or granules scattered directly under the pial lining. Sometimes it was 
impossible to determine the intracellular location of these FLSP  granules as they 
appeared to be lying free in the tissue directly under the pial lining (Fig. 14). 

In  the cats injected with F L F  and sacrificed after 24 hours, the white mat ter  
in the area of edema showed two types of appearance with fluorescence optics. 
In  two eats the p ie tme was essentially similar to tha t  observed with other fluores- 
cent tracers, i.e. it consisted of the areas of "mott l ing" and of the presence of 
discrete, green inclusions in the glial cells. However in two other cats, the white 
mat te r  revealed a striking network of gTeen filamentous threads dispersed through- 
out the edematous area in a most irregular fashion (Fig. 7). These green filaments 
were occasionally more abundant  around the blood vessels, but otherwise they 
appeared to lay scattered at  random and showed no evidence of any spatial relation- 
ship to the structural elements of the tissue and particularly to the glial cells. 

Fig. 8. Three neurons from the cortex adjacent to the necrotic area showing a diffuse green fluorescence. Cat injected 
with FLA and sacrificed 24 hours after cold injury. The bright small granules visible in the cytoplasm are orange 

endogenous pigment. • 580 

Fig.9. Darkly outlined neuron in the cortex from the gyrus adjacent to the cold lesion. A satellite filled with 
brightly green fluorescent inclusions is seen applied to the upper pole of the neuron. Cat injected with FLA and 

sacrificed 24 hours after  cold injury, x 750 

Fig. 10. An astroeyte with discrete :FLG inclusions and faintly visible vascular expansion. The granules in the 
small blood vessel are predominantly orange-yellowish pigment. 48 hours after cold injury, white mat ter  of the 

injured gyrus. • 320 

F ig . l l .  A faintly outlined vascular process of an astrocyte with three distinct FLA inclusions at the footplate 
location. In the lumen of a venule there are numerous blue autofluorescent red blood corpuscles. White matter,  

6 hours after  cold injury. • 960 

Fig.12. An oligodendrocyte outlined by green FLA inclusions around the nucleus and in the processes 48 hours 
after the cold injury. • 850 

Fig. 13. FAN method, An oligodendrocyte with fuchsin-stained red nucleus and greenish-blue protein inclusions in 
the processes. Cat without tracer injection; 48 hours after cold injury, l%otograph taken with a red filter to 

emphasize greenish-blue protein droplets. • 840 

Acta Neuropathologica, Bd. 2 11 
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In  the eats sacrificed after 48 hours the "mott led"  green fluorescence in the 
white mat te r  appeared to be further decreased than  aftec 24 hours, and it was 
usually confined to the subcortical zones. Otherwise, the white mat te r  in the area 
of edema contained numerous neuroglial cells studded with discrete FLSP  
inclusions. The astroeytes predominated but  also FLSP-eontaining oligodendro- 
eytes couId be quite frequently recognized (Fig. 12). The amoeboid or oval-shaped 

Fig. 14. The pial surface of the gyrus adjacent to the cold lesion showing accumulation of the FLA droplets, 
48 hours after cold injury, x 320 

Fig. 15. The epcndymal surface. The FLA material is visible in the glial cells, astrocytic processes and scattered 
freely under the cpendymal lining. The ependyrnal cells show yellowish autofluorescence and contain occasional 

orange pigment granules. Cat injected with FLA and sacrificed 3 days after cold injury, x 400 

microgliM elements, containing densely packed FLSP  granules in their cytoplasm 
were seen scattered in the white mat te r  as well as in the cortex of the gyrus sub- 
]ected to cold injury. At this t ime interval (48 hrs.) there was evident an accumula- 
tion of the FLSP  materiai  at the subpial and subependymM locations, suggesting 
a t ransport  of FLSP  from the edematous white mat te r  toward the pial and 
ependymal surfaces. The subpial granules of FLPS,  which were observed first 
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at 24 hours were very conspicuous at 48 hours and were seen extending across the 
depth of the sum into the adjacent gyri. The subependymal accumulations were 
limited to the areas continuous with the white matter  exhibiting the extravascular 
penetration of the FLSP. Similarly to the subpial distribution, it was not always 
possible to ascertain the intracellular location of the FLSP granules. Frequently 
they appeared to be within the microglial cells, while sometimes they were present, 
in the long astroeytic processes extending perpendicularly to the ependymal 

Fig. 16 

Fig. 17 

Fig. 16. Coronal section of the eat brain showing green fluorescence in the area of edema localized with striking 
predilection in the white matter.  The injured gyms is the second left from the midline. Cat injected with FLA 

and sacrificed 6 hours after cold injury 

F ig . lZ  Choroid plexus from the lateral ~'entricle. Normal control cat injected with FLA. Green fluorescence 
filling the Iumina of some of the vascular channels and outlining tile stromal connective tissue. Choroid epithelial 

cells display blue autofluorescenee. • 400 

lining (Fig. 15). The presence of FLSP within the ependymal cells themselves was 
not clearly evident. The cytoplasm of the ependymal ceils exhibited orange- 
tinged diffuse au~ofluoreseence with prominenb pigment granules. Occasional 
cells appeared to be faintly diffusely green, but  discrete FLSP  inclusions were not 
observed. 

In FAN-stained sections derived from animals injected with FLSP as well as 
from four eats without previous FLSP injection (all animals being sacrificed 
48 hours after cold injury), it was possible to demonstrate the greenish-blue 

I I *  
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inclusions in the glial ceils in locations corresponding to the green fluoreeent 
inclusions observed by  fluorescence optics in eats with FLSP  injection. There was 
no difference in appearance between the greenish-blue inclusions in FAN-stained 
sections derived from FLSP-injected and non-injected animals. The FAN-stained 

Fig .  18 

F ig .  19 

l~ig. 18. "Mot t l ed"  appearance  in  the  edematous  whi te  ma t t e r .  Cat  in jec ted  wi th  ~'LA and  sacrificed wi thou t  
per fus ion  6 hours  a f te r  cold in jury .  The  blue autof luorescent  ne rve  fibers are seen runn ing  in a paral lel  fashion 

x 400 

~ig .  19. Cat  in jec ted  wi th  F L A  and  sacrificed wi th  in t r avaseu la r  perfus ion 6 hmLrs a f te r  cold in jury .  Whi t e  m a t t e r  
f r o m  the  a rea  of  edema.  Discre te  F L A  inclusions in  the  neuroglial  cells are conspicuous on the  blue autofluorescent  

backg round  of  the  whi t e  ma t t e r ,  x 250 

inclusions seemed to be somewhat larger than the corresponding FLSP  inelusions, 
and they were demonstrable in astrocytes, oligodendrocytes (Fig. 13), and in cells 
which were assumed to be of microglial origin. 

In  cats sacrificed after three days the "mot t led"  fluorescence in the white 
mat te r  was seen only occasionally. The FLSP inclusions in the neuroglial ceils 
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were less frequently demonstrable; on the other hand the FLSP  containing 
microglial cells were more common, and the subpial and subependymal accumula- 
tions of the FLSP  were more conspicuous than after the 48 hour t ime interval. 

In  cats sacrificed 5 days after cold injury there was a further reduction in the 
amount  of demonstrable FLSP.  The "mot t led"  appearance was not seen. Usually 
only a small number of the glial cells contained FLSP  inclusions. Although pin1 
accumulations were now absent, subependymal aggregates of the FLSP were still 
visible. 

In  cats sacrificed after 7 days "mott led"  fluorescence was absent. In  two 
animals the area of the white mat ter  subjected to the edematous process still 
contained a few neuroglial cells with FLSP inclusions. In  addition there were 
scattered green fluorescent cells with outlines of typical "resting" type of micro- 
gliacytes (Fig.6). The nuclei of these cells showed diffuse green fluorescence; 
whereas the cytoplasm, including processes with characteristic short, " thorny"  
spikes, was faintly green fluorescent. Occasionally bright green fluorescent inclu- 
sions were present in the cytoplasm of these cells. Amoeboid or roundish-shaped 
microglial forms were not encountered. These two eats also showed the presence 
of subependymal accumulation of FLSP. In  the remaining three cats the green 
fluorescence was present only in the occasional "resting" microgliaeytes as 
described above. 

Cats sacrificed 13 days after cold injury did not show any green fluorescence 
outside of the blood vessels, which in some animals revealed a faint green fluores- 
cence of the endothelial lining. 

Discussion 
Our observations on penetration of the labeled proteins into the brain tissue 

revealed several characteristic patterns of FLSP distribution which deserve some 
comment. 

The nature of discrete, intracytoplasmic FLSP  inclusions can be interpreted 
as follows. Generally the proteins do not permeate through the cellular membranes 
of the intact  cells, but  they can enter the cytoplasm of such cells by the mechanism 
of pinocytosis. The phenomenon of pinocytosis was studied with regard to various 
nervous tissue cells grown in tissue culture (ICLATZO and MIQVEL) and it was 
suggested tha t  the formation of discrete intracytoplasmie FLSP  inclusions 
depended on aggregation of protein conjugates taken up in pinocytic vacuoles. 
I t  can therefore be concluded tha t  the discrete intraghal FLSP  inclusions observed 
in the present investigation were of pinocytotic origin. The demonstration of the 
FAN-stained protein inclusions in the animals which were not injected with FLSP  
suggests tha t  pinocytotic uptake of proteins by the glial ceils represents a general 
phenomenon associated with the leakage of serum proteins into edematous white 
matter .  

With regard to the diffuse green fluorescence displayed by some ceils and nerve 
fibers, st was previously demonstrated (KLATZO and 1VLtQvEL) tha t  the dead or 
dying cells exposed to FLSP  in vitro rapidly acquired such fluorescence. Thus it  
would appear  that  this type of fluorescence is related to cellular injury, and corres- 
pondingly in the present s tudy diffusely green fluorescent cells were found prima- 
rily in the area of the cortical lesion (Fig. 8). On the other hand it  should be 
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considered tha t  diffuse cellular staining with FLSP  does not necessarily indicate an 
irreversible change, since the diffusely green and swollen astrocytes and nerve 
fibers, observed occasionally in severely edematous white matter ,  showed no 
evidence of necrobiosis at  any later stages. I t  should be noted tha t  the inter- 
pretation of diffuse green fluorescence as an indication of cellular injury presumably 
does not apply to the fluorescence of the nuclei observed in the resting type of the 
mieroglia at  the later stages after cold injury (Fig. 6). I t  would be unlikely tha t  
these microgliacytes are injured cells, and it may  be possible tha t  cytoplasmic 
hydrolysis of the conjugate leads to the liberation of free FITC which then enters 
the nucleus. 

In  the interpretation of the "mot t led"  appearance, the most  pertinent question 
is the location of the F L S P  in relation to the cellular structures. The electron 
microscopic studies, which indicate tha t  the size of the extracellular space is 
extremely small in both normal and the edematous brain (G]~SCHEN~]~Ln et al. ; 
LusE and HAI~I~IS; TO~ACX, NI~SSlNG and VOG]~LL), suggest tha t  the "mot t led"  
green fluorescence results from the intracellular distribution of FLSP into the glial 
compartments.  However  our observations pertaining to the effect of intravascular 
perfusion ("mott led" appearance of white mat te r  was reduced while neuroglial 
F L S P  inclusions became conspicuous) seem to point  to an alternate interpretation. 
I t  seems more likely tha t  the FLSP  material  responsible for the "mott l ing" was 
located extracellularly, and was thereby more accessable to the rinsing effect of the 
perfusion fluid, whereas the FLSP  inclusions were unaffected because of their 
intracytoplasmic location. In  this connection it may  be speculated tha t  ff the 
extravasated serum proteins are located extracellularly in the edematous white 
matter ,  then the size of the protein molecules and the physical laws of diffusion 
(KLATZO) would necessarily imply tha t  the extracellular space available to the 
"mot t led"  FLSP would have to be considerably larger than tha t  allowed b y  
electron microscopists on the basis of 100--200 ~ distances separating outer cell 
membranes.  

Another observation favoring the possibility of the extracellular distribution 
of FLSP  in edematous white mat te r  is related to the pat tern  of F L F  penetration 
observed in two cats sacrificed 48 hours after cold injury. The irregularly scat- 
tered filamentous threads of the F L F  did not appear to be spatially related to 
any cellular structures (Fig. 7), and it would be difficult to envisage them located 
within the glial cells. The filamentous pat tern  itself could probably be related to 
the instability of the fibrinogen in the solution. In  preparing the F L F  the preci- 
pitation of the conjugate has been a major  problem and it is likely tha t  the fila- 
mentous threads scattered in the white mat te r  may  represent a precipitated form 
of FLF.  Conversely, it appears tha t  when the FLF  remained in a water  soluble 
state, it produced a picture (as seen in the two remaining cats) which was similar 
to tha t  obtained by  using other protein conjugates. 

The pinocytotic act ivi ty itself, as suggested by uptake  of proteins in the 
edematous white matter ,  could also be considered more compatible with the 
existence of an extracellular compar tment  in which the glial cells could have free 
space to exercise undulating movements  of their membranes. 

The virtual absence of an extracellular space as suggested by the electron 
microscopists has stimulated Search for intraceltular t ransport  mechanisms in 
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the brain tissue, and in this connection pinoeytosis has been mentioned by a 
number of investigators (tIYD~N; EDSTR6~ and STEINWALL; PO~ERAT). However, 
the acceptance of pinocytosis as the major transport mechanism must meet serious 
objections based primarily on the present knowledge concerning this phenomenon. 
Pinocytotic formation of vacuoles in cells in tissue culture as evaluated by the 
timc-lapse-einemierography is definitely a slow process. Although the rate of 
pinocytosis could possibly be different in rive, n~vertheless, it would be difficult 
to imagine that  it could be of sufficient speed to meet the requirements for the 
rapid transfer of substances such as glucose. Furthermore pinocytosis is assumed 
to be associated with great metabolic activity and it seems unlikely that  the 
glucose taken up by pinocytosis could pass intact through the glial cellular 
compartments to reach a neuron without biochemical transformation. In this 
connection it was demonstrated in amoeba that  glucose taken up by pinocytosis 
is for the most part  excreted as respiratory carbon dioxide, the remaining 10-- 15~ 
being incorporated in a more permanent way in the cytoplasm of the amoebae 
(CltAP~A~-A~=Dm~2SEN and HOL~ER). 

The mentioned reservations concerning the role of pinoeytosis for the rapid 
intracellular transport of metabolites should not detract from its possible impor- 
tance in other physioehemical processes in the nervous system. Pinocytosis may 
be of local metabolic importance with regard to relationships between the satel- 
lites and the nerve cells. Pictures t~om the present study, pertaining to the 
satellites filled with pinocytotie protein inclusions and applied to the darkly 
outlined neurons (Fig. 9), suggest that  the satellites may act as metabolic relay 
stations providing a proper chemical environment for the neurons. Such an 
assumption would be in line with Pomerat 's concept ascribing to glia a "nurse- 
like" function (PoNEI~AT). The other important involvement of pinoeytosis may 
be associated with the migratory activity of microglia. LV~SD~N expressed 
the opinion that  microglia may provide an important system for the transport of 
insoluble materials. In the present study microglial transport was suggested by 
the presence of numerous FLSP-filled microglial elements chronologically and 
topographically related to the appearance of the subpial and subependymal 
accumulations. We propose that  Lumsden's idea concerning mieroglia may be 
significantly expanded by ascribing to microglia the faculty of transporting 
soluble substances also, e.g. proteins, which are taken up by pinocytosis. The 
transport of proteins by the microglia towards the pia and ependyma leads 
presumably to the release of the proteins at these brain sm'faces and it may be 
suggested that  the longer and more conspicuous persistence of the FLSP accumu- 
lations at the ependyma may depend either on the more rapid migration of the 
microglia through the white mat ter  or on the slower rate of FLSP disappearance 
at the subependymal location. 

With regards to vascular permeability in normal brain tissue our observations 
provided a further support for the assumption that  special permeability relation- 
ships exist in areas such as choroid plexus, area postrema and hypothalanlus. In 
contradistinction to other regions of the brain, the FLSP at the mentioned 
locations appeared to render connective tissue investitures of the blood vessels 
fluorescent, while no penetration of the FLSP into the surrounding parenchyma 
could be detected. Since the connective tissue investitures of comparable blood 



158 IGo~ KLATZO, JAIME MIQUEL and RIOHAI~D OTEI~ASEIK.: 

vessels from other regions of the brain did not show any green fluorescence, our 
observations would indicate tha t  vascular permeability in the "special" areas 
examined might be significantly different from other regions of the brain. The 
inability to demonstrate the FLSP  in the endothelial cells themselves could be 
due to the fact  tha t  tile amount  of labeled protein (passing through the endothelial 
IL~ing) was below that sufficient for microscopic resolution under fluorescence 
optics. 

Summary 
1. Vascular permeabili ty in normal and edematous brain tissue was studied 

by application of the fluorcscein labeled serum proteins (FLSP) as well as by 
the use of free fluorescein isothiocyana~e (FITC) marker.  

2. The electrophoretic studies demonstrated tha t  the binding capacity of the 
FITC to albumin was of such degree tha t  morphological observations made after 
injection of the free tracer can be considered depending primarily on the visuali- 
zation of the fluorescent serum albumin in the brain tissue. 

3. The normal brain, with the exception of the several  regions described below, 
showed no evidence of FLSP  passage beyond the vascular endothelial lining. 

4. The choroid plexus, area postrema and the tuber cinereum exhibited green 
F L S P  fluorescence in the connective tissue investitures of the blood vessels but  
no parenchymatous penetration of the FLSP  could be detected in the last two 
mentioned structures. 

5. Edema of the white matter ,  produced by the cortical cold injury in the 
cat, was associated with the extravascular passage of FLSP  which was studied a t  
various stages. 

6. The appearance of discrete FLSP  inclusions in glial cells is interpreted as 
resulting from pinoeytotic uptake of extravasated serum proteins and the signi- 
ficance of pinocytosis in the nervous tissue is discussed. 

7. The involvement of the microglia in the t ransport  of FLSP from the area 
of edema towards the pial and ependymai surfaces suggests the importance of 
this glia] element with regard to the t ransport  of soluble substances in the brain 
tissue. 

8. I t  is suggested tha t  the area of edema in the white mat te r  resulting from 
cold injury may  be associated with the presence of an appreciable extracellular 
compartment .  

Acl~nowledgment. We are indebted to Mr. JOSEPH T. WALI(E~, Jr. for the histological 
preparations, and to Mr. FRED ~]~ILLEIr for assistance in microphotography. 

Zusammenfassung 
1. Unter  Verwendung von fluorescein-markierten Serumproteinen (FLSP) 

und yon freiem Fluorescein-Isothiocyanat (FITC)-Tracer wurde die vascul~re 
Permeabili t~t in normalem und 5dematdsem tIirngewebe untersueht. 

2. Die elektrophoretischen Untersuehungen ergaben, da~ die Bindungs- 
kapazi ts  des FITC an Albumin so stark ist, dab man morphologisehe Beobach- 
tungen nach Injekt ion mi t  der freien Tracersubstanz als hauptss yon der 
Sichtbarmachung des fluoreszierenden Serumalbumins im Hirngewebe abh~ngig 
betrachten kann. 
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3. Mit Ausnahme der unten angeffihrten 1%egionen konnte  fin normalen Gehirn 
kein I~achweis fiir die F L S P  auBerhalb der Gef~Bendothelsehicht gefunden 
werden. 

4. Das Adergeflecht, die Area postrema und d~s Tuber  cinereum zeigi~en griine 
FLSP-Fluorescenz in den bindegewebigen H/illen dcr Blutgef/~Be; jedoch konn~e 
in den beiden le tz tgenannten St rukturen kein Eindringen der F L S P  in das 
Pa renchym festgestellt werden. 

5. Ein bei der Ka tze  durch eine corticale K~i~esch/idigung verursaehtes Odem 
der weiBen Substanz ging mit  extravasalem Durcht r i t t  yon F L S P  einher, der in 
verschiedenen Phasen beob~chte~ wurde. 

6. Das Auft re ten  von geringffigigen FLSP-Einschlfissen in Gliazellen wird auf  
die pinoeytot ische Aufnahme yon  extravasalen Serumproteinen zurfickgeffih~; 
die Bedeutung der Pinocytose im Nervengewebe wird er6rtert. 

7. Die Beteiligung der Mikroglia am FLSP-Transpo r t  yon  der 0demregion  
zu den pialen und  ependym~len Oberfl~chen 1/~Bt auf  die wiehtige Rolle schlieBen, 
die dieses Gliaelement belm Transpor t  15slicher Substanzen ira Hirngewebe spielt. 

8. Die Annahme wird vorgebracht ,  da~ das dureh K~ltesch/~digung ent- 
s tandene 0 d e m  der weil~en Substanz mi t  dem Vorhandensein eines betr/~cht- 
lichen ex~racellul~ren Raumes  in Verbindung steh~. 
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