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Abshaet-Mast cells, known for their involvement in allergic reactions where they secrete numerous 
chemicals in response to immunoglobulin E and specific antigens, have recently been localized in the 
central nervous system. The function of these brain mast cells has remained speculative as they have not 
been the subject of any combined functional or detailed morphological studies. Here it is shown that these 
cells are primarily perivascular and stain metachromatically with Toluidine Blue, but red with Alcian Blue 
counterstained with Safranin, indicating that they contain proteoglycans quite similar to those of 
peritoneal, but not mucosal mast cells. Intracardiac administration of the classic mast cell secretagogue, 
compound 48/80, or the acetylcholine analog, carbachol, caused ultrastructural changes in brain mast cells 
consistent with secretion, but without exocytosis. However, it is known that the same concentration of 
carbachol has no effect on homogenei~ peritoneal mast cells. 

These results indicate that brain mast cells share histochemic~ characteristics with serosat mast cells, 
but differ in their reactivity to secretagogues, and apparently in the mechanism of secretion. Their ability 
to respond to neurotransmitters and their distinct mechanism of secretion, which may be selective, expands 
their possible role in brain pathophysiology. 

Mast cells (MC) are secretory cells found primarily in 
connective tissues such as the lungs and skin and 
classically associated with the allergic response.24s*7 
MC synthesize and secrete numerous powerful me- 
diators,7’*83*&4 such as endorphins, histamine, kinins, 
leukotrienes, prostaglandins, serotonin, vasoactive 
intestinal peptide, as well as proteolytic enzymes and 
phospholipases, which are well known to have signifi- 
cant pathophysiological effects on vascular and neur- 
onal tissues.4,30*s6*“*72 Recent reports suggest a close 
reIations~ip between the nervous and immune sys- 
tems s~11~29~6’~‘7~ag~~ which could explain such patho- 
log&l conditions as inflammatory processes,s~‘8~48 
asthma: vascular headaches,3*i’,” certain tumors,l.53 
and autoimmune diseases, such as multiple scler- 
osis.2~58~63~68~82~*6 All these cases appear to be associ- 
ated with an increase in the numbers of MC, which 
can be stimulated to secrete by various neuropep- 
tides23*39,7”,8’ and maybe neurotransmitters such as 
acetylcholine,~ even though this latter finding has 
been disputed.5 

Although MC have been found in the brains of 
reptiles and amphibians37J5 and in the mammalian 
peripheral nervous system, there has been con- 
siderable debate concerning their presence in the 
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mammalian central nervous system, where they have 
been identified in the area postrema, h~ophysis, 
pineal body and dura mater (for review see Ref. 62). 
In studies based mainly on light microscopy tech- 
niques, investigators such as Padawer,@ Kiernan,” 
Kelsall and Lewis,41 Cammermayer,6 Kriigger,46,47 
Dropp,13 as well as Campbel and Kiernan,’ described 
different types of brain cells which clearly resembled 
peripheral tissue MC. However, considerable con- 
fusion still exists concerning the identi~cation and 
localization of these cells since they have also been 
characterized by others as: “perivascular micro- 
gIia”,S9,78 “vacuolated pericytes”42 ‘“granular pericyt- 
tes 9538.54 and ‘“macrophages or lipofuscines”.43** 
Moreover, extensive histochemical and ultrastruc- 
tural studies performed by Ibrahim32s33 and Ibrahim 
et u1”34-36 in various mammalian species suggest that 
the mammalian brain contains two different types of 
MC, type I and type II. Such disagreement between 
investigators may be due in part to the improper 
utilization of fixatives or stains, or to the selection of 
unsuitable species or brain sites in which the observed 
MC seem to be rare or phenotypically different. 
In fact, it has been established that peripheral 
MC can vary phenotypically,s’ not only with respect 
to the species, but also to tissue localization, which 
allows peripheral MC to possess different functional 
potentialities. It is likely, then, that the phenotypic 
determination of MC depends on tissue micro- 
environmental factors which would drive MC differ- 
entiation according to specific tissue needs. The 
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question of species-tissue relations for brain MC 
remains unanswered since brain parenchyma pos- 
sesses little connective tissue and any phenotypic 
factors remain unknown. 

The aim of this report, therefore, is to provide both 
morphological and functional criteria with which to 
identify rat brain MC and to determine their precise 
phenotypic and functional capacities. For this pur- 
pose, classical MC-specific histochemical, pharmaco- 
logical, and standard electron microscopy techniques 
were used to identify MC and their secretory at- 
tributes in response to compound 48,&O (C48/80), the 
classic MC sccretagogue and carbachol, the analog of 
the neurotransmitter acetylcholine. 

EXPERIMENTAL PROCEDURES 

Morphological characterization 

Tissue preparation. Eighteen adult male Sprague-Dawley 
rats (250-350 g) were first anesthetized with ether and then 
fixed by direct cardiac perfusion through the left ventricle 
using a mixture of either 37% formaldehyde-glacial acetic 
acid-methanol (FAM; 1: 1:8) for light microscopic prep- 
arations, or 2.5% glutaraldehyde with 0.5% tannic acid in 
0.1 M phosphate buffer (pH 7.4) for electron microscopy. 
After decapitation, the brains were immediately removed, 
sectioned vertically anterior to the optic chiasm and pos- 
terior to the hypothalamus, and processed either for histo- 
chemistry (light microscopy) or uhrastructural observations 
(electron microcopy). 

Hi~s~o~hern~ca~ procedures 

Basophiiia. After removal and sectioning, as described 
above, -the brains (n = 7) were immersed for at least 48 h 
in FAM at 4°C and Vibratome thick (30-50 urn) sections 
were cut. Alternate sections were stained ‘using either 
0.25% Toluidine Blue-HCl (pH 2.5) for 15 min at 24°C. or 
0.5% Alcian Blue-acetic acid (pH 2.5) for 30min at 
24“C, washed in acetic acid and counterstained for an 
additional 30-45min with 0.1% Safranin-acetic acid to 
differentiate mucosal MC, which contain heparan sulfo- 
conjugates (stained blue by Alcian Blue), from connective 
tissue (serosal) MC, which contain large amounts of heparin 
(a highly sulfated substance stained red by Safranin). Other 
sections were followed by dehydration in graded alcohols 
and the sections were mounted with Permount. 

Lipid content. Two additional animals were fixed by 
perfusion using an aqueous mixture of 0.6% formaldehyde 
and 0.5% glacial acetic acid. The brains were treated as 
described above and the sections stained for 30min in a 
saturated, freshly filtered Sudan Black~~acetine aqueous 
(1: 1) solution to reveal hpids. Sections were then washed 
and mounted with an aqueous mounting medium. 

Elecrron microscop.v procedures 

After perfusion and brain removal (n = 9). the cortex, 
thalamus and hypothalamus were dissected out, cut into 
I-mm’ pieces and immersed in 2.5% glutaraldehyde with 
0.5% tannic acid in 0.1 M phosphate buffer for 24 h at 4°C. 
The samples were then washed, postfixed in 2% osmium 
tetroxide, dehydrated in graded alcohols and embedded 

in Epon. Semithin (0.5 pm) sections were stained using 
Toluidine Blue (pH 9.0) and ultrathin (Z-85 nm) sections 
contrasts by uranyl acetate and lead citrate. 

Pharmuco~ogicu~ procedures 

Ten adult male Sprague-Dawley rats were used for this 
portion of the study. Half of them were purfused, under 
either anesthesia for 30min through the ascending aorta 
using C48jSO (1 pg/ml) or carbachol (lo-* M) in Locke’s 
solution containing (in mM): NaCl 150, KCL 5, CaCl, and 
HEPES 5 1 g/l bovine serum albumin, 1 g/l dextrose, pH 7.4. 
The other half, used as controls, were perfused in the same 
way using Locke’s solution. Thirty minutes later, the ani- 
mals were fixed by intracardiac perfusion using either a 
mixture of FAM or a solution of 2.5% glutaraldehyde. 
After fixation, the brains were processed for light or electron 
microscopy, respectively, as described above. 

All chemicals used were purchased from Sigma Chemicals 
Co. (St Louis, MO). 

RESULTS 

Granular cells showing characteristics of periph- 
eral MC were observed in the parenchyma of rat 
brain. All histochemical staining procedures used in 
this study revealed the presence of numerous round 
or elongated granular cells (9-15 pm), exclusively 
localized around microvessels of the thalamic- 
hypothalamic areas, appearing to be most abundant 
within the dorsolateral thalamic nuclei. These 
cells displayed a centrally located oval or rounded 
nucleus which was often masked by the many isoform 
cytoplasmic granules present. When treated with 
acidified Toluidine Blue, cell granules stained in a 
specific metachromatic fashion characteristic of MC 
(Fig. 1 A, B), while when stained with Alcian Blue and 
counterstained with Safranin, the granules appeared 
red (Fig. IC, D). However, when treated with Sudan 
Black B, the cytoplasmic granules stained black 
(Fig. IE, F), indicating that they contained consider- 
able amounts of lipid, while homogeneic, peritoneal 
(serosal) MC did not. 

Ultrastructural characterization of brain mast cells 

At the electron microscopic level, these parenchy- 
ma1 granular cells were consistently localized around 
thalamic or h~thalamic microvessels (arterioles 
and venules) and were surrounded by a basement 
membrane which differed from that of the micro- 
vasculature (Figs 2,4,5). They contained a central 
or eccentric nucleus with peripherally condensed 
chromatin and a central chromatin mass (Figs 2,4A, 
C, D). Nucleoli were rarely seen. These cells also 
contained a number of round or ovoid electron-dense 

Fig. 1. Histochemical characterization of rat brain MC. Vibratome, SO-pm-thick rat brain sections. 
MC (arrows) appear round or elongated and contain a centrally located nucleus (never stained by these 
procedures), as well as many cytoplasmic granules. (A, B) Thalamic perivascular MC showing metachro- 
masia after acidified Toluidine Blue staining: the granules are stained in violet-blue. (C, D) Thalamic 
perivascular MC, Alcian Blue-negative-Safranin-positive: the granules are stained in red. (E, F) Thalamic 
perivascular MC showing strong sudanophilia: the granules are stained in brown-black. Scale 

bars = 33 pm (A. C, E): 6.6 pm (B. D. F). 
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cytoplasmic granules (Figs 2,4,5), the membrane 
of which often appeared associated with the rough 
endoplasmic reticulum (Fig. 2C, D). The electron- 
dense granules usually had a dark amorphous or 
lamellate texture, but sometimes immature granules 
exhibited a more electron-lucent composition. There 
were ovoid mitochondria with few cisternae (Fig. 
2C), while the Golgi apparatus and smooth endoplas- 
mic reticulum were poor (Fig. 2D). The rough endo- 
plasmic reticulum was more developed and displayed 
irregular tubufar profiles along with occasional circu- 
lar ones. The smooth endoplasmic reticulum often 
contained some electron-dense material and small 
granules, an event that may represent the early stages 
of granule synthesis (Fig. 2C). Some clathrin-coated 
vesicles were seen infrequently, but lysosomes were 
never observed. In rare cases, the electron-dense 
granules appeared to contain empty globular vesicles, 
but this was determined to be an artifact of ineffective 
fixation. 

Pharmacological characterization of brain mast cells: 
eflect of compound 48180 and carbachol 

Brains of animals stimulated with C48/80 (Fig. 
3&D) or carbachol (Fig. 3H-F) and stained with 
acidified Toluidine Blue contained perivascular cells 
with meta~hromati~ granules within the thalamus 
and hy~thalamus (Fig. 3). However, in comparison 
with the control group (Fig. 3A, E), the granules 
appeared only lightly stained; some of them appeared 
“empty”, were non-uniform in size and displayed 
“‘anisogranularity”, a condition which may reflect 
fusion between the granules. 

At the electron microscopic level, the group treated 
with C48j80, in comparison with the control group 
(Fig. 4A), showed gradual granule changes. In the 
early stages, a wider than normal range of granule 
sizes was seen and most of the observed electron- 
dense granules appeared fused (Fig. 4B). The cyto- 
plasmic organelles showed no modifications, but 
some adjacent astrocytic feet appeared swollen. In 
more advanced stages, many granules appeared more 
electron-lucent, a condition that reflects the loss of 
electron-dense components (Fig. 4C). The granule 
matrix showed partial vacuolation with clusters of 
small peripheral vesicles (Fig. 4C). while other gran- 
ules were entirely full of small vesicles. These latter 
stages were reminiscent of a “foamy” or “honey- 
comb-like” appearance (Fig. 4D, E). The granules 

_. __--______ ___...I ___.._ .~~__. .~ ..- - 

never fused with the cytoplasmic membrane to 
form omega shapes indicative of exocytosis and 
no dispersed granular material was detected in the 
extracellular space. 

The carbachol perfused animals, again in compari- 
son with the control group (Fig. 5A), had similar 
ultrastructural modifications (Fig. 5B, C). The gran- 
ules appeared electron-lucent or “empty”, the smooth 
endoplasmic reticulum was enlarged and short cister- 
nae filled with electrondense material were occasion- 
ally observed in relation to the altered granules. 
However, these changes were not as pronounced as in 
the C48/80-treated group. 

Ultrastructural characteristics of other brain granular 
or perivascular cells 

In addition to the granular perivascular cells de- 
scribed above, macrophages and microglia contained 
granules, and these, as well as pericytes, were also 
observed perivascularly. 

Microglia. Microglia (Fig. 6), a type of glial 
cell distinct from astrocytes and oligodendrocytes, 
were observed frequently, located immediately 
beneath the glial limitants (Fig. 6A) and also in the 
vicinity of blood vessels where they lay adjacent to 
the astrocytic feet surrounding a capillary (Fig. 6C). 
The microglia had an ovoid profile, displaying 
a number of cytoplasmic prot~sions and pro- 
cesses, which gave them a somewhat irregular shape 
(Fig. 6A). They contained an oval nucleus with 
a central nucleolus and prominent masses of 
clumped chromatin distributed throughout the nucle- 
oplasm, particularly adjacent to the nuclear envelope 
(Fig. 6A, C). 

The density of the hyaloplasm, which formed a thin 
rim around the nucleus, was inte~ediate between 
astrocytes and oligodendrocytes. It contained a peri- 
nuclear, sometimes extensive Golgi zone, a few long 
and narrow rough endoplasmic reticulum cisternae, 
free ribosomes and oval mitochondria (Fig. 6B). 
There were no filaments, glycogen granules or micro- 
tubules. 

The most characteristic feature of this type of ~~11 
was the ~pulation of dense inchtsions, the smaller 
appearing to originate from the Golgi complex 
and lysosomes while the larger resembled lipofuscin 
granules (Fig. 6B, D). 

Pericytes. Pericytes were non-granular ovoid cells 
within the basement membrane of capillaries and 

Fig. 2. Ultrastructural characteristics of rat brain mast cells. (A, B) Ultrathin (80 nmf sections showing 
MC (M) localized around thaiamic microvessels and separated from the endo~e~ium (Ef by astrocytic 
cytoplasmic projections (A). These cells contain a central nucleus (but not a nucleolus) and various 
amounts of cytopiasmic granules (g). Scale bars = 4 pm_ (C, D) Ultrathin (80 nm) sections of the thalamus 
showing some of the cytoplasmic details. The granules have a lamellate (C) or amorphous (D) texture 
and their membrane appears in close association to the rough endoplasmic reticulum (curved arrow). 
Notice, in C, the presence of an immature granule surrounded by many Go&oriented granules 
(arrowhead). The cytoplasm contains many ribosomes (polysomes, arrows), some ovoid mitochondria 
(m), and some coated vesicles (D, small arrowheads). Notice also the presence of a basement membrane 
individually surrounding the mast cell. Scale bars = 1.16pm. A, astrocyte; E, endothelium; n, nucleus; 

SM. smooth muscle cell. 
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displayed prowesses extending around the capillary 
wall (Fig. 7A). They contained an elongated nucleus 
that conformed to the shape of the underlying blood 
vessel with the chromatin clumped beneath the 
nuclear envelope. The hyaloplasm appeared less 
dense than that of the endothelial cells, there were 
few round or oval mitochondria, long and narrow 
cisterns of rough endoplasmic reticulum and numer- 
ous either free ribosomes or ribosomes forming 
clusters (polysomes). Pericytes did not contain any 
granules or lysosomes. 

Mucrophuges. The macrophages observed (Fig. 7B) 
were elongated or spindle-like cells with thick pseudo- 
podia present in the pia mater. They contained 
oval or irregularly shaped nuclei with a central 
nucleolus and abundant chromatin characterist- 
ically clumped around the nuclear membrane. The 
cytoplasm was moderately dense, containing a weil- 
developed perinuclear Golgi apparatus with numer- 
ous small vesicles and dense granules of various 
shapes and sizes, large granules, characteristic of 
lysosomes, larger phagocytic vacuoles with a hetero- 
geneous content of particulate, granular or crystalline 
material, myelin figures, as well as some pinocytic 
vesicles and lipid dropfets. In addition, bundles of 
filaments, short cisternae of rough endoplasmic 
figures, free ribosomes, microtubules and a wealth 
of mitochondria were present throughout the cyto- 
plasm. This type of granular or perivascular cell 
was not surrounded by a basement membrane, but 
appeared free in the pia mater between collagen 
fibers. 

None of the cells described above showed any 
mo~holo~cal modifications after treatment with 
C48/80 or carbachol (see Fig. 6C, D). In addition, 
these types of cells were not metachromatic or 
alcianophilic. 

DISCUSSION 

The histochemical, ultrastructural and pharmaco- 
logical results described in this study allow the 
observed perivascuiar granular cells of the rat 
brain to be classified as MC, mainly because they 
display histochemical characteristics unique to these 
secretory cells; metachromasia when stained by 

acidified Toluidine Blue, which strongly suggests 
the presence within the granules of highly baso- 
philic molecules such as heparan sulfoconjugates and 
heparin. This characteristic is classically described 
for peripheral MC, but never to our knowledge for 
other types of glial or nerve cells. These staining 
characteristics confhm the histological observations 
of many authors, including Dropp,13 Kriigger,46 
Ibrahim,32 Edvinsson et al.,” Pet-singer” and 
Goldschmidt et af.2b.27 who described granular cells 
which stained with Toluidine Blue or Astra Blue, 
were highly localized in the thalamus and were similar 
to connective tissue MC. 

In addition to the staining methods previously used 
to characterize MC in the brain, we identified these 
granular cells as MC with a ~st~hemical technique 
currently used to distin~ish between “serosal” and 
“mucosal” MC.” Alcian Blue, followed by Safrani 
counterstaining, stains red only granules of serosal 
but not mucosal MC. This technique stained the 
brain MC granules red, indicating that they are 
highly sulfated, whereas all other parenchymal cells 
stained lightly blue. Consequently, our histochem- 
ical results suggest that brain MC mimic pheno- 
typically the connective tissue (or serosal) MC. Our 
ultrastructural observations of unstimulated brains 
agree with this classification since the brain MC 
exhibit all characteristics seen with typical connective 
tissue MC, such as those from tongue and skin. 
Such brain MC are described by Ibrahim33 as 
“Type I” cerebral MC and are strictly localized 
around arterioles and venules, mainly within the 
thalamus and the hypothalamus. They should not 
be confused with pericytes since the latter are non- 
granular cells, surrounding capillaries and localized 
within the basement membrane of these micro- 
vessels.2’s70 The brain cells we identified as MC con- 
tain numerous, fairly homogeneous electron-dense 
cytoplasmic granules and are surrounded by their 
own basement membrane. Moreover, they are clearly 
situated in the thin external adventitial layer where 
they are separated from the endothelium by at least 
one layer of smooth muscle cells and by their own 
basement membrane. 

According to Terry and Weiss,” Mato et al.,% 
and Cancilla et al.* there appears to be a sub- 

Fig. 3. Pha~acoIo~~ chara~te~~tion of rat brain perivascular MC in light microscopy (Vibratome 
5-pm-thick sections stained by acidified Tolui~me Blue). {A) Control group: thalamic MC confining 
numerous metachromatic granules almost “masking” the nucleus. No dispersed or empty granules 
are present. Scale bar = 6.6 pm. (B) C48/8O_treated group: thalamic perivascuiar MC showing weak 
metachromasia at low magnification. Scale bar = 16.5 pm. (C) C48/80-treated group: thalamic meta- 
chromatic MC containing some empty granules. Notice the presence of some larger (arrowheads) and 
of some dispersed metachromatic granules (arrows). Scale bar = 6.6pm. (D) C48/80-treated group: 
thalamic mast cell containing only very few metachromatic granules. Some granules appear larger than 
the control ones (arrows). Scale bar = 6.6 pm. (E) Control group: thalamic MC containing numerous 
metachromatic granules. Notice the absence of any empty or dispersed granules. Scale bar = 6.6 pm. 
(F) Carbachol-tested group: thalamic perivascrtlar MC showing weak metachromasia at low magnifi- 
cation. We bar = 16.5 pm. (G, H) Carba~hoi-testy group: thalamic meta~hromatic MC containing 
fewer granules in comparison to the control. Notice, in contrast, the presence of many empty granules 

(arrowheads). The nuclei are not masked by the granules. Scale bar := 5.6 pm. 
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Fig. 4. Pha~acological characterization of rat brain perivascular MC at the electron microscope 
level: effects of C48,W perfusion. (A) Control group: when the rat was perfused only with Locke’s 
solution, the MC (M) granules (g) show no ultrastructural modifications. Notice the uniform and 
amorphous texture of the granuie matrix, Scale bar = 2.8 grn. (B) C48/Wtreated group: early ultra- 
structural changes. Notice the fusion of some granules and also the presence of some swollen astrocytic 
“feet” (A). Scale bar = 2.3 pm. (C) C48/80_treated group: the granules appear partly electron-lucent 
peripherally losing part of the components (curved arrows). Scale bar = 4 pm. (D, E) C48/80-treated 
group: notice the presence of completely vacuolated granules showing a “honeycomb-like” (D, curved 
arrows) or “foamy” (E, arrows) aspect. Scale bars = 1.16 and 0.58 pm, respectively. C, collagen fibers; 
E, endothe~ium; L, lumen; n, nucleus; P, pericyte; SM, smooth muscle cell; arrowheads, mast cell basement 

membrane. 

population of pericytes, so-called “granular peri- to characterize the type II cerebral MC (or neuro- 
cytes”, believed to function as phagocytes as they lipomastocytes). 33*34 Indeed, Ibrahim and Ibrahim 
have been initially observed after brain injury or et al.” found that the central nervous system, 
intense irradiation. They were also observed in especially in the rabbit, contains different propor- 
adult normal rabbits, but the histochemical criteria tions and amounts of two types of cerebral MC: 
used3* (autofluores~n~, staining with Oil Red 0 (a) “type I”, which is phenotypi~aily similar to the 
and PAS positive) were very similar to those used peripheral tissue MC; and (b) “type II” which is a 
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subpopulation sharing some, but not all, of the 
ultrastructural characteristics. 

It has been reported, however, that type I cerebral 
MC can be differentiated from type II because the 
latter show weak metachromasia and their granules 
have a natural fluorescence and stain with Oil Red 0 
and Sudan Black,‘o,33 which is indicative of their 
presence of lipids. However, our results demonstrated 
that all the observed rat brain MC showed strong 
metachromasia with Toluidine Blue and stained with 
Sudan Black B, suggesting the presence of lipids 
within their secretory granules. 

Such observations were unexpected since only type 
II cerebral MC had been shown to contain lipids and 
such cells had not been described in the rat brain. 
Since we have never observed any ultrastructural 
differences among rat cerebral MC to suggest the 
presence of two distinct cellular populations, one 
containing lipids, the other not, we believe that it is 
no longer appropriate to differentiate two types of rat 
cerebral MC only on their lipid content. There may, 
however, be reason to distinguish two types of 
cerebral MC, according to their amine content and 
their secretory characteristics. For instance, thalamic 
MC have been shown to contain 90% of the his- 
tamine in the rat thalamus and up to 50% of the total 
brain histamine.‘“.26.4s In contrast, rabbit type II pial 
MC do not contain any detectable amount of his- 
tamine, while they are rich in serotonin.69 Thus, two 
distinct types of cerebral MC could exist by biochemi- 
cal criteria, and it would be of interest to determine 
if their features are species-specific or due to their 
articular tissue location. 

Finally, a main reason for classifying the perivascu- 
lar granular cells we describe as cerebral MC is their 
capacity to undergo granule changes, indicative of 
secretion, in response to the classic MC degranulation 
agent, C48/80. During such stimulation, rat cerebral 
MC gradually lose their intragranular electron-dense 
contents and finally appear empty, often with a 
honeycomb-like vesicular substructure. A similar ap- 
pearance had been described by Ibrahim32 and 
Ibrahim et uL34.36 and is distinct from the type of 
degranulation known for peritoneal MC (fusion be- 
tween the perigranular cytoplasmic membranes with 
exocytotic release of the granule content). However, 
secretion is not always accompanied by degranu- 
lation, as has been reported earlier by Dvorak 
et uI.‘~.‘~ Such a difference could be explained by local 
tissue factors, but this subject still needs further 

investigation. It is important to notice that none of 
the other cerebral granular cells, such as inter- 
parenchymal microglia and pial macrophages, were 
sensitive to C48/80. Consequently, cerebral MC can 
neither be identified as microgIia,59 nor as macro- 
phages. 42,43 Moreover, these latter cells differ from the 
cerebral MC because of their location and their 
cytological aspects. For instance, the microglia not 
only lie within the cerebral parenchyma, often in 
distance, and without any obvious relationship with 
the blood vessels, but also their ultrastructural com- 
parison with brain MC revealed important morpho- 
logical differences. In fact, they are not surrounded 
by any basement membrane and their rough endo- 
plasmic reticulum is not very developed in relation to 
the granules. On the contrary, these cells have an 
extensive Golgi apparatus, with many lysosomes and 
lipofuscine granules which have an ultrastructural 
aspect completely different from those described for 
cerebral or peritoneal MC. 

Cerebral MC should not be confused with 
macrophages, which are described only in the sub- 
arachnoid space and morphologically they appear 
very different. In contrast to the cerebral MC, they 
have a very irregular spindle-like shape, they are not 
surrounded by any basement membrane, they contain 
more abundant chromatin, rich smooth and rough 
endoplasmic reticulum with cisternae that classically 
appear short, as well as a very well-developed peri- 
nuclear Golgi apparatus with many pleiomorphic 
vesicles, lysosomes and phagocytic granules contain- 
ing crystal and myelin debris and lipid droplets. 
Finally, neither microglia nor macrophages can 
be metachromatically stained violet by low pH 
Toluidine Blue or red with Alcian Blue and Safranin 
counterstaining. 

Rat brain MC should, therefore, be considered 
independent cellular entities, close to the peritoneal 
MC and, in any event, they should not be confused 
with any other perivascular or granular cerebral 
cellular types. However, their physiological signifi- 
cance within the cerebral parenchyma remains 
elusive. We believe that they could serve as a link 
between the nervous and the immune system,84 thus 
explaining some specific pathophysiological con- 
ditions which could be better understood in the light 
of such an assocation. Knowledge of the perivascular 
localization and the vasoactive contents of these cells, 
as well as of their capacities for secretion suggests 
that they may have at least two functions: the control 

Fig. 5. Pharmacological characterization of rat brain perivascular MC at the electron microscope level: 
effects of carbachol Perfusion. (A) Control group: MC (M) localized around an arteriole and showing no 
noticeable ultrastructural modifications after Perfusion by Locke’s solution only. Notice the homogeneous 
and amorphous texture of the granule (g) matrix as well as the presence of some immature cytoplasmic 
granules (arrowhead). Scale bar = 2 pm. (B, C) Carbachol-treated group: the cytoplasmic granules (g) 
show gradual loss of their content. Some of them appear partly electron-lucent (B, arrows) while others 
appear empty (C, arrowheads). Notice also in C that the smooth endoplasmic reticulum appears enlarged 

(small arrow). Scale bars = 1.5 pm. L, lumen; SMC, smooth muscle cell. 
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Fig. 5 
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Fig. 6. Ultrastructural characterization of other perivascular and/or granular intraparenchymal cells: the 
microglia. (A) Ultrathin section of the thalamus showing an intraparenchymal microglia (Mg) cell 
non-associated to a blood vessel. The cell is characterized by its ovoid shape, a large oval nucleus (n) (that 
contains a prominent nucleolus), as well as by its numerous lysosomes (arrows) and lipofuscine granules 
(arrowheads). In contrast, it contains only a few mitochondria. Notice also the absence of any basement 
membrane. Scale bar = 2 pm. (B) Detail of the cytoplasmic organelles (of A). Notice the extreme 
heterogeneous texture of the granules that contain myeloid bodies, lipids and primary lyosomes. Notice 
also the presence of some short rough endoplasmic reticulum cisternae non-related to the granules (small 
arrows). Scale bar = 0.8 pm. (C) C48/80-treated group: ultrathin section of the thalamus showing a 
microglia cell (Mg) localized in close proximity to two capillaries. The cell has an irregular shape 
and shows no ultrastructural modifications in comparison to the cell described for the control group (A). 
Scale bar = 2 pm. (D) C48/80-treated group. Detail of the cytoplasmic granules. No ultrastructural 
changes are present in comparison to the control group. Scale bar = 0.8 pm. E, endothelium; L, lumen. 

of the cerebral blood flow (CBF) and of the integrity anatomical juxtaposition of cerebrovascular MC are 
of the blood-brain barrier. consistent with a functional interaction. Such an 

Our evidence of ultrastructural changes indica- association has been suggested for pial type II MC 
tive of secretion induced by carbachol, and the and adventitial nerve fibers.‘O 



Fig. 7. Ultrastructural characterization of other perivascular or granular cells: pericytes and macrophages. 
(A) Ultrathin section showing a thalamic capillary surrounded by an ovoid non-granular cell enclosed in 
a common basement membrane (arrows). The cell, characterized as a pericyte (P). contains a large ovoid 
nucleus (with clumped chromatin beneath the nuclear envelope and an eccentric nucleolus), few round 
mitochondria but numerous ribosomes (free in “clusters”). Notice the absence of any cytoplasmic granule 
or lysosome. A, astrocyte; E, endothelium. Scale bar = 9 pm. (B) Ultrathin section of the pia mater (PM) 
showing a macrophage (Mp). The cell contains an irregular nucleus (n) and is characterized by its irregular 
spindle-like shape, numerous Golgi-orientated vesicles, primary and secondary lysosomes (arrowhead) and 
phagocytic vacuoles. It also contains short cisternae of rough endoplasmic reticulum and many free 

ribosomes. Notice the absence of basement membrane. Scale bar = 2 pm. 
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Vasomotor local action 

It is well known that ~rotonin3’ and histamine75 
have important effects on cerebral vasculature. It is 
also known that cerebral MC contain large amounts 
of these mediators which can be released in response 
to C48/80, carbachol and substance P.49 As cerebral 
MC are preferentially located at the branching points 
of the cerebral vasculature, it appears possible that 
partial or total reiease of mediators could result in 
major vasomotor effects. Indeed, such an influence on 
the CBF has been suggested previously on different 
grounds.‘9,72 

It is important to note that responsiveness of brain 
MC to carbachol may be another factor distinguish- 
ing them from peritoneal MC, for even though 
peritoneal MC have been reported to secrete in 
response to carbachol,20 this result has been disputed 
repeatedly.76 

The integrity of the blood-brain barrier 

The close proximity between the cerebral MC and 
the cerebrovascular system, and their presence 
around the circumventricular organs suggests that 
these cells could have important functions in con- 
trolling the integrity of the blood-brain barrier. In 
fact, secretion of vasoactive molecules could make 
this barrier permeable to blood l~ph~ytes or 
pathogenetic agents.‘* Such a mechanism is suspected 
in a number of pathological cases, including for 
example, multiple sclerosis, the pathophysiology of 
which involves infiltration of brain white matter 
by lymphocytes and macrophages, leading to brain 
demyelination.68 MC are known to contain phospho- 
lipasess4 which can degrade myelin,” and co-culture 
of MC and brain slices leads to demyelination.4 
T’be human demyelination disease, multiple sclerosis 
may be caused by the immune response to some 
latent viral infection,*? and an experimental model 
of virus-induced encephalitis cannot develop in 
MC-deficient mice.*’ It has also been shown that MC 
can be degranulated both by different viruses,65s79 
as well as by myelin basic protein.40$85 MC are 
also found around multiple sclerosis plaques,63 
which are infiltrated by substance P-immunoreactive 
astrocytes.“’ It is therefore of interest that substance 
P stimulates MC secretion,22%49 and astrocytes are 

known to synthesize the MC growth factor inter- 
leukin-3.23 Moreover, two drugs which are known 
to inhibit MC secretion have prevented exper- 
imental neuritis73 and experimental allergic en- 
cephalomyelitis.86 These data strongly suggest that 
cerebral MC could participate in the pathophysiology 
of MS. 

Patients with multiple sclerosis also frequently 
experience allergies* and migraine headaches,*’ con- 
ditions which have both been implicated with MC. 
Moreover, an increased number of MC has been 
reported in cluster headache3+‘* and our recent ultra- 
structural studies on temporal arteries from cluster 
headache patients showed MC degranulation and a 
close relationship between adventitial nerve fibers 
and MCI’ Peripheral MC have been shown to release 
histamine and/or serotonin in response to diverse 
ne~omodulators such as acetytcholine,20 noradrena- 
line,M as well as many neuro~ptides,39,77 including 
substance P,*? somatostatir?’ and neurotensin;” con- 
sequently, the observation of MC secretion in cluster 
headache could be the result of a cascade of axonal 
reflexes, leading to painful inflammation.1’~52 MC 
may also be involved in migraine headaches, where 
both the trigeminal system and the thalamocortical 
axis are implicated.25~6c 

CONCLUSION 

The present study clearly demonstrates the pres- 
ence of MC within the cerebral parenchyma. These 
cells migrate through the pia maters0 into the thala- 
mus during development and are similar to serosal 
MC, but with a particular perivascular location and 
with secretory characteristics quite distinct from the 
latter. There is mounting evidence indicating that 
these extraordinary cells in the brain could serve 
as the anatomical and functional link between the 
immune and the nervous system and could also be 
involved the pathophysiology of many neuroinflam- 
matory conditions. 
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