Contractile Proteins in Pericytes.
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ABSTRACT In these studies we have compared the relative amounts and isoforms of tropo-
myosin in capillary and postcapillary venule pericytes, endothelial cells, and vascular smooth
muscle cells in four rat microvascular beds: heart, diaphragm, pancreas, and the intestinal
mucosa. The results, obtained by in situ immunoperoxidase localization, indicate that (a)
tropomyosin is present in capillary and postcapillary venule pericytes in relatively high
concentration; (b) the tropomyosin content of pericytes appears to be somewhat lower than
in vascular smooth muscle cells but higher than in endothelia and other vessel-associated
cells; and (c) pericytes, unlike endothelia and other nonmuscle cells, contain detectable levels
of tropomyosin immunologically related to the smooth muscle isoform. These results and our
previous findings concerning the presence of a cyclic GMP-dependent protein kinase (Joyce,
N., P. DeCamilli, and . Boyles, 1984, Microvasc. Res. 28:206-219) in pericytes demonstrate
that these cells contain significant amounts of at least two proteins important for contraction
regulation. Taken together, the evidence suggests that pericytes are contractile elements
related to vascular smooth muscle cells, possibly involved, as are the latter, in the regulation

of blood flow through the microvasculature.

Pericytes are polymorphic cells closely associated with the
walls of capillaries and postcapillary venules. They have a cell
body which is often highly elongated, and multiple branching
foot processes which partially encircle the vessel wall. Pericytes
can be distinguished from other perivascular cells, such as
adventitial fibroblasts, by their location within the basement
membrane of the vessels, and by the close apposition of the
tips of their processes to the underlying endothelium. Electron
microscopic studies have identified pericytes in a number of
tissues and organs (10, 12, 20, 36). They may, in fact, be
common to all microvascular beds, although their relative
frequency and distribution appear to vary from one micro-
vascular bed to another (32, 33).

The function of pericytes is still unclear; however, morpho-
logic evidence suggests that they may be contractile cells
related to vascular smooth muscle. Numerous microfilaments
form a continuous plate in the adluminal cytoplasm of their
cell body and extend from it into the foot processes, where,
in the more distal segments, they fill the cytoplasm to the
relative exclusion of other subcellular components. In addi-
tion, the foot processes have densities that appear similar to
the attachment plaques and dense bodies of smooth muscle
cells (29, 32, 34). The presence of such structures within
circumferentially oriented pericyte processes suggests a poten-
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tial contractile function that may contribute to the regulation
of blood flow in the microvasculature (12, 19, 24, 37).

Since the morphologic findings mentioned above are simply
suggestive, biochemical evidence is needed to establish the
presence of significant amounts of essential contractile and
regulatory proteins in these cells as a necessary basis for a
contractile function. Actin has already been identified in
pericytes (12, 14, 21, 35), and, in the companion paper, we
present evidence for the presence in these cells of myosin in
relatively high concentration (18).

Pericytes and vascular smooth muscle cells are related by a
similar topography in the wall of the vessel (1), and a bio-
chemical relationship between the two cell types is suggested
by the immunocytochemical localization in both cells of cyclic
GMP-dependent protein kinase (17), an enzyme believed to
function in the regulation of smooth muscle cell contractility
(13, 28, 30), and of the intermediate filament proteins desmin
and vimentin (9). To explore this relationship further and to
provide evidence for the presence in pericytes of additional
contraction-associated proteins, we extended the inquiry to
tropomyosin, a protein considered essential for the regulation
of cellular contractility. We took advantage of the fact that
this highly conserved molecule exists in several isoforms,
apparently distributed preferentially to specific cell types (7,
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8, 11, 15, 16). Using two antitropomyosin antibodies with
different isoform specificities, we showed that (a) pericytes of
both capillaries and postcapillary venules contain relatively
high levels of tropomyosin; (b) the tropomyosin concentration
in pericytes appears to be somewhat lower than that in vas-
cular smooth muscle cells but higher than in endothelia and
other vessel-associated cells; and (c) pericytes, unlike endo-
thelia and other nonmuscle cells, contain tropomyosin im-
munologically related to that of smooth muscle cells.

MATERIALS AND METHODS
Antibodies

Two affinity-purified IgGs were used in these studies. One, a rabbit anti~
pigeon gizzard tropomyosin IgG, was a kind gift of Dr. Jan DeMey, Janssen
Pharmaceutical Research Laboratories, Beerse, Belgium; the other, an anti-
bovine brain tropomyosin IgG (raised also in rabbits) was obtained from Dr.
Anthony Bretscher, Cornell University, Ithaca, NY. To test the isoform speci-
ficity of these antitropomyosins, extracts of rat brain and intestinal smooth
muscle were prepared by incubation of the tissues for 30 min at 100°C in 2.5%
sodium dodecy! sulfate, 2.5% 2-mercaptoethanol, 10 mM sodium phosphate,
pH 7.4, as in reference 3. The extracts were then electrophoresed on 10%
Laemmli polyacrylamide gels. The Coomassie Blue-staining pattern of each
extract is shown in Fig. 1, lanes / and 2. The position of nonmuscle tropomyosin
subunits (M, 30,000) in the brain extract and of smooth muscle tropomyosin
subunits (M, 35,000) in the intestinal smooth muscle extract was determined
by calculation of the molecular weight of the Coomassie Blue-stained bands
relative to standards run on the same gel. The polypeptides were electrophoret-
ically transferred to nitrocellulose (Schleicher & Schuell, Keene, NH), and
individual nitrocellulose strips were incubated in 0.16 ug/ml of nonimmune
IgG, anti-brain or anti-gizzard tropomyosin IgG. The presence of bound IgG
was detected by incubation of the strips in '*I-Protein A (New England Nuclear,
Boston, MA) and subsequent autoradiography. The results of this experiment
are shown in Fig. |, lanes 3-8. No binding was observed when the transferred
extracts were incubated with nonimmune IgG (Fig. 1, lanes 3 and 4). Anti-
brain tropomyosin bound both nonmuscle (Fig. 1, lane 5) and smooth muscle
tropomyosin isoforms (Fig. 1, lane 6), indicating its lack of isoform specificity.
Anti-gizzard tropomyosin recognized the smooth muscle tropomyosin isoform
in the smooth muscle extract (Fig. [, lane 8) and a low intensity band equal in
electrophoretic mobility to smooth muscle tropomyosin in the brain extract
(Fig. 1, lane 7). This band may represent a small amount of smooth muscle
tropomyosin contributed by the brain vasculature. Nonmuscle tropomyosin
was not recognized by this antibody, which suggests its specificity for the
smooth muscle isoform. Further evidence for the smooth muscle specificity of
anti-gizzard tropomyosin was obtained in immunoperoxidase localization stud-
ies. This IgG was unreactive with skeletal and cardiac muscle as well as
nonmuscle cells.

Tissue Preparation

FIXATION: The vasculature of Sprague-Dawley rats (male retired breed-
ers) was perfused with oxygenated Dulbecco’s phosphate-buffered (pH 7.4)
saline (PBS) (Gibco Laboratories, Grand Island, NY) at room temperature and
the tissues were lightly fixed by perfusion for 10 min at room temperature with
4% formaldehyde in PBS (freshly prepared from paraformaldehyde). This step
was followed by immersion of excised specimens in the same fixative for 20
min at room temperature, Small blocks cut from heart, diaphragm, intestine
(mainly jejunum), and pancreas were rinsed in PBS and then incubated for 1
h on ice in 10% dimethylsulfoxide (in PBS) as a cryoprotecting agent, before
the blocks were frozen in liguid nitrogen—cooled isopentane.

PROCESSING OF CRYOSTAT SECTIONS: Cryostat sections ~30 pm
thick were collected in 0.15 M glycine in half-strength PBS (270 mOsmol) and
incubated in the same buffer for 30 min at room temperature to quench
residual free aldehydes. The sections were then permeabilized by incubation
for 1 h on ice in PBS supplemented with 0.3% Triton X-~100, 0.015 M glycine
(to provide additional quenching), and 0.1% bovine serum albumin (to prevent
nonspecific protein adsorption). The same buffer was used throughout the
experiments as an antibody diluent and washing medium. All incubation and
washing steps were performed at 0-4°C in a rotating apparatus to improve
access of reagents to the tissue and to minimize structural artifacts.

ANTIBODY INCUBATIONS: Tissue sections were incubated for 18-24
h in 8 ug/ml of either anti-gizzard or anti-brain tropomyosin and then washed
several times over 18 h. The sections were then incubated for 18-24 h in 12.5
ug/ml horseradish peroxidase—conjugated sheep anti-rabbit IgG Fab (Pasteur
1380
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Institute, Paris) and washed as above. Control sections were quenched and
permeabilized in exactly the same manner but were then handled in one of
three ways: (a) Some were incubated in nonimmune IgG and then in secondary
antibody; (b) others were incubated in secondary antibody alone; and (c) still
others were reacted as described below with no prior antibody incubation as a
control for endogenous peroxidase activity.

PEROXIDASE REACTION: All sections were preincubated on ice for at
least 15 min in 0.5 mg/m! 3,3’-diaminobenzidine (DAB)' in 0.1 M sodium
monobasic phosphate, titrated to pH 7.0 with ammonium hydroxide. Reaction
was initiated by the addition of hydrogen peroxide to 0.01% final concentration
and was terminated by transfer of individual tissue sections to PBS. Tissue was
reacted for 15, 30, and 60 min; 30-min reaction times appeared to be optimal,
giving the best signal-to-background ratio.

SUBSEQUENT PROCESSING: After a PBS wash, the tissue was postfixed
for { h on ice in 1% osmium tetroxide in veronal-acetate buffer, pH 7.4, then
dehydrated and embedded in Poly/Bed 812 Embedding Medium (Polysciences
Inc., Warrington, PA). Sections, ~1 um thick, were cut for light microscopy on
a Sorvall Potter-Blum MT2-B ultramicrotome (DuPont Instruments-Sorvall
Biomedical Div., Wilmington, DE) and photographed with a Zeiss Photomi-
croscope Il on Kodak Technical Pan film. Thin sections, stained with Reynold’s
lead citrate and uranyl acetate, were examined and micrographed on a Philips
301 electron microscope.

RESULTS
Control Experiments

In tissue reacted without prior antibody incubation, the
presence of dark reaction product (oxidized and polymerized
DAB), indicating endogenous peroxidase activity, was con-
sistently seen only in (@) granulocytes, especially eosinophils,
in the lamina propria of the intestine as in Fig. 2 b; (b) a rare
erythrocyte within capillary lumina; and (¢) occasional mast
cells associated with blood vessels in all the organs examined.
In addition, light brown staining, apparently due to nonspe-
cific adsorption of DAB, was seen in fat cells occasionally
present within the muscle connective tissue and lipid droplets
within muscle fibers (micrographs not shown). A discontin-
uous light-staining band was also evident in the subendothe-
lial layer of large arterioles and small veins (Fig. 2¢). The
stained areas correspond to the position of the internal elas-
tica, which is discontinuous in these vessels. We observed no
additional staining in tissues incubated with secondary anti-
body alone or in heart, diaphragm, and intestine incubated
with nonimmune IgG (Fig. 2, a-c). Nonspecific staining was
observed in pancreas incubated with nonimmune IgG on the
apical plasma membrane of the acinar cells and on the
luminal aspect of the ducts. Centroacinar cells were also
stained. We never observed, however, nonspecific staining on
pericytes, endothelial cells, vascular smooth muscle celis, or
fibroblasts in this tissue. The companion paper (18) illustrates
additional controls and nonspecific staining in the pancreas
(Fig. 1¢).

Antibody Penetration

In preliminary experiments, antibody penetration into the
muscularis and mucosa of the intestine and into vascular
smooth muscle cells was tested under a variety of experimen-
tal conditions. Antibody penetration deep within the muscu-
laris and into the smooth muscle cells surrounding small
arteries and small veins was consistently poor. Dense reaction
product was usually visible only within the outermost cell
layers, which suggests that significant antibody penetration
beyond the first cell layer does not occur (micrographs not
shown). Preincubating the sections in glycerol and extending
the permeabilization step, the antibody incubation, or the

! Abbreviation used in this paper: DAB, 3,3’ -diaminobenzidine.



Ficure 1 Equal amounts of protein (75 3 4q 5 6 i 8
ug) from rat brain (lanes 1, 3, 5, and 7)

and isolated intestinal smooth muscle

extracts (lanes 2, 4, 6, and 8) were elec-

trophoresed on 10% Laemmli polyacryl-

amide gels. Lanes 7 and 2 illustrate the

Coomassie Blue-staining patterns ob-

tained. After electrophoretic transfer of

the separated polypeptides to nitrocel-

lulose, individual nitrocellulose strips

were incubated in nonimmune IgG

(lanes 3 and 4), anti-brain tropomyosin

(lanes 5 and 6), or anti-gizzard tropo-

myosin (lanes 7 and 8) and then incu- -

bated in '*I-Protein A. Autoradiographic

results show no binding of nonimmune

1gG to peptides of either extract (lanes 3 >

and 4). Anti-brain tropomyosin recog-

nized both nonmuscle tropomyosin

(lane 5) and smooth muscle tropomyosin

(lane 6). Anti-gizzard tropomyosin

bound smooth muscle tropomyosin in

the smooth muscle extract (lane 8} and recognized a peptide, present in apparently low concentrations, in the brain extract that corresponded
in electrophoretic mobility to that of smooth muscle tropomyosin (lane 7). This antibody did not recognize nonmuscle tropomyosin in the
brain extract. Small arrowhead, position of smooth muscle tropomyosin subunits (M, 35,000); large arrowhead, position of nonmuscle
tropomyosin subunits (M. 30,000). B, brain; /, intestine; NI, nonimmune IgG; a-B, anti-brain tropomyosin; a-C, anti~gizzard tropomyosin;
TM, tropomyosin.

FIGURE 2 Sections of rat heart (a) and intestine (b and c) were incubated in secondary antibody alone and reacted with DAB
and hydrogen peroxide. The lack of reactivity observed in the cardiac muscle tissue (a) is typical for all the organs studied under
control conditions. No staining is visible except that due to endogenous peroxidase activity, illustrated by the eosinophils (Fo) in
the intestinal lamina propria (b), or apparent nonspecific DAB adsorption, such as that seen in the periodic staining of the
discontinuous elastica in the muscular venule (MV) within the intestinal submucosa (c). C, capillary; CM, cardiac muscle cell; GC,
goblet cell; EC, epithelial cell; Ly, lymphatic vessel; M, muscularis. x 1,000.
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DAB reaction beyond the times given in Materials and Meth-
ods led to no significant improvement.

In contrast, positive reaction product was consistently pres-
ent in the less tightly packed smooth muscle cells that com-
posed the muscularis mucosae and the smooth muscle cells
of arterioles and muscular venules. Apparently, antibody
penetrated into these cells more effectively because it had
access from all directions. A high reaction level in such cells
thus became the criterion for effective antibody penetration
in subsequent experiments.

Immunoperoxidase Localization of Tropomyosin
in Capillary and Postcapillary Venule Pericytes
and Vascular Smooth Muscle Cells

Pericytes of capillaries and postcapillary venules and vas-
cular smooth muscle cells were consistently positive for tro-
pomyosin in all the tissues examined regardless of the antitro-

pomyosin used. By light microscopy, diffuse DAB reaction
product was visible in pericytes and the staining patterns were

f

very similar to those previously described (17). Because peri-
cytes, especially those on capillaries, are highly elongated cells
(17, 24, 37), the staining pattern obtained depended on where
along its length the cell was sectioned. For example, when a
pericyte was sectioned through the cell body, as in Fig. 3, q,
b, d, f~i and in Fig. 4, a and c, diffuse reaction product was
visible in the perinuclear cytoplasm and proximal portions of
cell processes but the nucleus was unstained. When it was
sectioned through more distal segments of its processes, a
positive reaction appeared as discrete “spots” on the outer
aspect of the vessel wall, as illustrated in Figs. 3, ¢ and e and
4b. The galleries of capillaries in Fig. 3 and postcapillary
venules in Fig. 4 illustrate the similarity of positive tropomy-
osin staining patterns in pericytes on the two types of vessels.
The positivity of pericytes was most clearly seen in specimens
in which they had become separated (probably artifactually,
during tissue preparation) from the underlying endothelium.
Such a cell is illustrated in Fig. 35, where a positive pericyte
is contrasted against the negative endothelium. For compari-
son, a capillary with an accompanying pericyte from a control

Ficure 3 This gallery of capillaries from tissue sections of rat intestine (a, b, d-i) and heart (c and j} incubated in anti-gizzard
tropomyosin {a—e), anti-brain tropomyosin {f-i) or nonimmune IgG () illustrates a variety of pericyte and endothelial cell staining
patterns. Pericytes are positive and the overall staining patterns are similar regardless of the antitropomyosin 1gG used. In sections
incubated with anti-gizzard tropomyosin, no staining is evident in the endothelium, whereas discrete “spots” of positivity can
often be seen in endothelia when sections are incubated with non-isoform specific anti-brain tropomyosin (f-h). Regions of
positivity are apparently spaced far apart so the endothelium does not appear positive in all sections (/). The unstained capillary
with an accompanying pericyte (P) in j, which was incubated in nonimmune 1gG, is included for comparison. (a, b, and g) X
2,200; (c) X 2,400; (d, e, h, and i) X 2,600; { f) x 2,300; {j) X 1,800.

FIGURE 4 A selection of postcapillary venules from intestine (a) and diaphragm (b and c¢) illustrates positive pericyte staining
patterns obtained in sections incubated in anti-gizzard tropomyosin. As with capillary pericytes, postcapillary venule pericytes
contain diffuse DAB reaction product distributed throughout the perinuclear cytoplasm (a and ¢) and cell processes (a-c).
Endothelial cells in these vessels are consistently negative with this smooth muscle-specific antibody. Pericytic venules were
identified by two criteria: vessel diameter and extent of pericytic coverage. X 1,600.
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FiIGurRe 5 This electron micrograph from a section of intestine incubated with anti-gizzard tropomyosin shows a capillary with
associated pericyte foot processes (P). Diffuse DAB reaction product is clearly visible in the cytoplasm of the processes, whereas
the endothelial cell (F} appears unstained. The processes are identified as those belonging to a pericyte by two criteria: the close
apposition of tips of the foot processes to the underlying endothelium, seen at the arrows; and enclosure of the processes within
vessel basement membrane leaflets (BM). Staining of the basement membrane is poor in this micrograph and the inset has been
included to show the leaflets at higher contrast. L, lumen. X 13,000 (Inset) X 28,500.

specimen is included (Fig. 3). In this case neither the pericyte
nor the endothelial cell is stained. The staining patterns of
vascular smooth muscle cells can be seen on the larger vessels
of the mucosa and submucosa of the intestine in Fig. 6, c and
d.

By electron microscopy, reaction product was found dif-
fusely distributed within the cytoplasm of both the perinuclear
region and the processes of pericytes. Fig. 5 illustrates the
immunoperoxidase localization of tropomyosin within the
processes of an intestinal capillary pericyte. In this micro-
graph, the basement membrane that encloses the pericyte
processes is poorly visualized. An inset showing a segment of
the vessel in higher contrast is included to permit the mem-
brane leaflets to be seen more easily.

The relative staining intensities of the immunoperoxidase
reaction provide a semiquantitative estimate of the amount
of antigen present in different cell types. For instance, pericyte
staining on both capillaries and postcapillary venules is simi-
lar, which suggests that the amount of tropomyosin present
in these cells is comparable regardless of their location. Peri-
cytes appear to be somewhat less intensely stained than the
smooth muscle cells of arterioles and muscular venules. This
difference becomes more evident when tissues are reacted
with DAB and hydrogen peroxide for different periods. Stain-
ing is quite intense in vascular smooth muscle cells after 10
to 15 min, whereas a similar intensity is not consistently seen
in pericytes until after 30 min of reaction time. This difference
may reflect a lower tropomyosin concentration in pericytes,
smaller volumes (especially in foot processes), or a somewhat
different reactivity of the polyclonal antibody for smooth
muscle and pericyte tropomyosins.

Differences in Tropomyosin Localization by Anti-
Gizzard or Anti-Brain Tropomyosin

Besides pericytes and vascular smooth muscle cells, there
are other cells in which tropomyosin was detected by the
immunoperoxidase technique. The cell types containing pos-
itive reaction product differed, however, depending on the
antitropomyosin antibody used. The small intestine contained
the largest number of differentially reactive cells. Fig. 6, a~d
illustrates the staining patterns obtained with either anti-
gizzard (Fig. 6, a and ¢) or anti-brain tropomyosin (Fig. 6, &
and d). Within the wall of the small intestine, several cell
types reacted positively with both antibodies. This was the
case for the cells that compose the muscularis, the muscularis
mucosae, and the smooth muscle cells that extend from the
latter into the villus, parallel to the lacteal. Cells identified as
forming the pericryptal (26) and subepithelial fibroblastic
sheaths (23) were positively stained by both antibodies to
approximately the same extent as pericytes but to a somewhat
lesser extent than smooth muscle cells. In addition, a stellate
cell located within the lamina propria of the villus stained
positively. This cell has a large, oval nucleus, scanty cyto-
plasm, and several thin processes that extend from the cell
body. Reaction product was present within its thin perinuclear
cytoplasm and individual foot processes. Although this cell
was stained with both antitropomyosins, it appeared to stain
more intensely with the gizzard tropomyosin antibody, but to
a lesser extent than pericytes.

The most striking difference in reactivity was seen in intes-
tinal epithelial cells of the villus, the less differentiated cells
of the crypts of Lieberkuhn and in endothelia. No reactivity
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FiGURe 6 Lower magnification micrographs of sections from rat intestinal villi (2 and b) and mucosal/submucosal regions (c and
d), incubated in either anti-gizzard (a and ¢) or anti-brain tropomyosin (b and d), illustrate some differences in positive staining
patterns obtained with the two antibodies. Anti-gizzard tropomyosin stains only smooth muscle and smooth muscle-like cells.
Within the villus, these include the smooth muscle cells (SM), that extend from the muscularis mucosae, subepithelial fibroblasts
(SF), and stellate cells (SC). In the mucosa and submucosa, this antibody stains the muscularis mucosae (MM), vascular smooth
muscle cells (VSM), and pericryptal fibroblasts (PF). Anti-brain tropomyosin stains all the cells mentioned above and also portions
of nonmuscle cells such as the terminal web (TW) of intestinal epithelial cells and the microvilli (Mv) of crypt cells. Endothelia
and connective tissue fibroblasts are also stained by anti-brain tropomyosin but these cells, as well as pericytes, are not easily
distinguishable at this magnification. (a) x 1,400; (b) X 1100; (c and d) X 700.

was detectable in these cells when anti-gizzard tropomyosin
was used. However, when tissue was incubated in anti-brain
tropomyosin, the terminal web of the intestinal epithelial cells
was positive, as were the microvilli of the cells forming the
crypts (compare Fig. 6, a with b and ¢ with d). The endothelial
cells of capillaries also reacted positively with this antibody;
the reaction product was unevenly distributed and appeared
in small darkened areas within the endothelial cytoplasm
(compare the negative endothelium in Fig. 3, a—e with the
darkened regions in the endothelium of Fig. 3, /~h). The small
areas of positivity are spaced (apparently) far apart, so that in
some vascular profiles (as in Fig. 3 i) the endothelium appears
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unstained.

Connective tissue fibroblasts, adventitial fibroblasts, and
skeletal and cardiac muscle cells all appeared unreactive when
tissue was incubated in anti-gizzard tropomyosin. Fibroblasts
were stained to a lesser extent than endothelia or stellate cells
when sections were incubated in anti-brain tropomyosin. In
skeletal muscle cells incubated with this antibody, positive
reaction product was periodically distributed and appeared to
correspond to the I-band regions of the sarcomere, a localiza-
tion reported previously (27). In pancreatic acinar cells, no
specific reactivity was observed with either antibody (micro-
graphs not shown).



DISCUSSION

The resolution and signal intensity provided by the immu-
noperoxidase procedure applied in this study allows a clear
distinction between adjacent positive and negative cells, and
an estimate of the relative intensity of the reaction, presumed
to reflect cell-to-cell variations in antigen concentration. On
both accounts, the results are an improvement over immu-
nofluorescence procedures. We attribute the gain to the am-
plification of the signal by the peroxidase tag and to the use
of thick sections (~1 um) of plastic-embedded tissues. At the
light microscope level the procedure appears to average the
signal within each cell: It gives a relatively homogeneous
silhouette and thereby facilitates the recognition of positive
cells. At the electron-microscopic level, however, the same
procedure does not provide additional information about
antigen localization beyond the whole cell level. Structural
preservation is unsatisfactory and the diffusion of DAB reac-
tion product together with its preferential partition in mem-
branes precludes a reliable localization of tropomyosins.
These proteins are known to be closely associated with actin
filaments in other cells, but better controlled localization
procedures must be used for both antigens to confirm this
association in pericytes.

Previous studies (17) have shown that the shapes of peri-
cytes differ greatly depending on their location. On capillaries
they are highly elongated with long, slender processes, whereas
on postcapillary venules they are less extended and have
thicker, more radial processes. Because of their polymor-
phism, it is important to determine whether all pericytes have
similar biochemical features, regardless of their shape and
location, or whether there are biochemical differences which
may correspond to functional differences, connected to dif-
ferences in location. The results obtained in these studies
indicate that, in the organs examined, pericytes on both types
of vessels are positive for tropomyosin and that antigen con-
centration in all pericytes throughout the microvasculature is
comparable, to the extent quantitative estimates are possible.

Pericytes and vascular smooth muscle cells were compared
in these studies, since morphological and biochemical findings
suggest that the two cell types are related. In fact, gradual
shape changes have been observed in the transition from
vascular smooth muscle cells to pericytes at both the arteriolar
and venular end of the microvascular bed (17, 19, 37), sug-
gesting that there is no clear demarcation between these cell
types within the microvasculature. In all the organs examined,
the vascular smooth muscle cells of arterioles and muscular
venules were well penetrated by antibody and highly reactive
for tropomyosin. The results suggest that although both types
of cells are positive for tropomyosin, pericytes may have
somewhat less tropomyosin than do vascular smooth muscle
cells. This interpretation is based, however, on the relative
staining intensity in any single cross-sectional area of tissue.
As mentioned previously, the staining patterns of pericytes
differ depending on where the cell is sectioned. On any given
tissue section, only a small fraction of the total volume of a
pericyte may be examined, whereas a much greater part of an
individual vascular smooth muscle cell may be visible because
of characteristic differences in cell shape. Thus, what appears
to be a quantitative difference in tropomyosin concentration
in the two cell types may simply reflect a quantitative differ-
ence in total cross-sectional area and volume of the cell
examined.

The two antitropomyosins used in these studies were useful
tools to probe further the relationship between pericytes and
vascular smooth muscle cells. In these studies anti—pigeon
gizzard tropomyosin IgG recognized only smooth muscle
tropomyosin in both the immunoblots of rat tissue extracts
and immunocytochemical localization experiments on differ-
ent rat tissues. The fact that pericytes were positively stained
with this antibody provides evidence that these cells contain
tropomyosin antigenically similar to that of smooth muscle
cells. Smooth muscle tropomyosin was also detected by the
cognate antibody in the cells of the subepithelial and peri-
cryptal fibroblast sheaths and in the stellate cells of the lamina
propria within the intestinal villi, but the intensity of the
reaction was less or considerably less than in pericytes.

Anti-bovine brain tropomyosin IgG recognized several tro-
pomyosin isoforms and was therefore non-isoform specific.
This antibody was a useful control, however, since it reacted
with tropomyosin from nonmuscle as well as muscle cells,
increasing the degree of confidence in the results obtained
with the smooth muscle-specific anti-pigeon gizzard tropo-
myosin IgG. Results obtained with anti-brain tropomyosin
indicate a wider distribution of tropomyosin (presumably of
the nonmuscle type) in the organs examined than was sug-
gested by the gizzard antibody. Due to the lack of a nonmuscle
tropomyosin-specific antibody, we could not determine
whether pericytes also have nonmuscle tropomyosin. Peri-
cytes appear, therefore, more closely related to smooth muscle
than to other cell types, with respect to both the type and
concentration of the isotropomyosin they contain. These pa-
rameters define them as contractile elements differentiated
above the general level of contractility of nonmuscle cells.

Although tropomyosin is a highly conserved protein, its
isoforms vary in certain physical, biochemical, and functional
characteristics. The isotropomyosins of skeletal, cardiac, and
smooth muscle cells are similar in that they form paracrystals
in the presence of divalent cations with an axial repeat of ~41
nm and in vitro bind with similar actin/tropomyosin ratios.
They differ slightly from each other in subunit M, (average
M., 35,000), pI (4.5-5.0), and amino acid composition. In
contrast, tropomyosin forms detected in differentiated non-
muscle cells have a paracrystal axial repeat of ~34 nm and
an average subunit M, of ~30,000. Amino acid sequence
analysis of equine platelet tropomyosin indicates a high degree
of homology with muscle tropomyosins except at the amino
and carboxyl termini, where the sequences differ significantly
from those of muscle tropomyosins (22). The sequence differ-
ences in these two regions of the molecular appear to correlate
with certain characteristics of nonmuscle tropomyosin such
as a reduced ability for head-to-tail association (5), a weaker
binding to F-actin (6), and decreased affinity for muscle
troponin (4).

The mechanism by which tropomyosin helps regulate ac-
tomyosin ATPase activity is poorly understood in cells other
than those of striated muscle. In the latter, tropomyosin,
together with the troponin complex, inhibits Mg?*-stimulated
actomyosin ATPase activity in the absence of calcium. This
inhibition is released upon binding of calcium to the Tn-C
component of the troponin complex. Experimental evidence
so far obtained suggests that tropomyosin in smooth muscle
(2) and nonmuscle cells (25, 31) enhances actin-activated,
Mg?*-stimulated ATPase activity and that this enhancement
is independent of calcium concentration.

Although both smooth muscle and nonmuscle tropomyo-
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sins appear to function similarly, a number of physical and
biochemical differences distinguish the two. The fact that
pericytes have an isotropomyosin immunologically related to
that of smooth muscle cells suggests that at least one pericyte
isotropomyosin may have the physical and biochemical char-
acteristics of smooth muscle cells. These results demonstrate
that pericytes have tropomyosin in significant amounts and
strongly suggest that they are indeed potentially contractile
cells which, like vascular smooth muscle cells, may function
in blood flow regulation in the microvasculature.
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