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INFLAMMATORY AND RESIDENT CELLS

Immunocytochemical analysis has demonstrated that cells of the muscular-elastic layer of
intima represent a homogeneous population made mostly of smooth muscular cells. These cells
are similar to the smooth muscular cells of the media that are almost uniformly positive for smooth
muscular a-actin. Proteoglycan-rich layer of intima is populated both by resident cells and cells of
hematogenous origin (inflammatory cells). In atherosclerotic lesions, percentage of the resident
cells positive for smooth muscular a-actin remains stable, whereas percentage of inflammatory
cells increases, however, never becoming predominant. Resident cells of the proteoglycan-rich
layer are actively involved in the pathogenesis of atherosclerosis. These cells differ from typical
smooth muscle cells, as they express markers of pericytes and a macrophage-associated antigen
CD68.

What are the characteristics of the resident intimal cells? Morphological heterogeneity of
this population has been described in the early works of Langhans, Schonfelder, Shchelkunov,
Khavkin, Geer & Haust [1-6] and others. Alcohol-alkaline dissociation method was used to reveal

cells of various shapes [7,8].
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Figure 1: Heterogeneity of cells from the proteoglycan-rich intimal layer Cell suspension
after alcohol-alkaline dissociation of fixed tissue. Toluidin blue staining. Magnification x 350.

Morphological heterogeneity of intimal cells, which has been previously described by many
authors [6,1,9,2,5] can be observed in the cell suspension after dissociation of the extracellular
matrix (Figure 1). Similar to the smooth muscle cells populating the media, cells of the muscular-
elastic layer usually have elongated bipolar shape. In contrast, the proteoglycan-rich layer is
populated by cells of various shape, from elongated to stellate. The presence of stellate cells with
processes [1] is the main characteristic of the cell population of the proteoglycan-rich layer.

Polar morphological types of the subendothelial cell population can be characterized as
follows. Bipolar cells have elongated bodies, usually without processes or with small lateral
protrusions. They form dence cellular layers, express the smooth muscular marker a-actin and
have a prominent contractile apparatus [8]. Stellate (pericyte-like) cells have rounded body and
three or more processes. They are distributed without visible orientation in the connective tissue
matrix of the subendothelial intima. Apart from a-actin, they express antigens typical for pericytes
3G5 and 2A7, macrophage antigen CD68 [10,11], which is a scavenger receptor. In atherosclerotic
plaques, these cells have the highestlipid load (foam cells) [12]. Electron microscopy reveals large
numbers of organells in the cytoplasm of these cells [8]. In atherosclerotic lesions, total number of
cells increases by 2 folds, whereas number of stellate cells increases by more than 6 folds [7]. As
aresult, atheroslceortic lesion development is associated not only with the increase, but also with

qualitative change of the intimal cell population.

Data on the number of hematogeneous cells in atherosclerotic lesions are contradictory.
Animal studies have demonstrated that macrophages are predominant in the intima in
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atherosclerotic lesions [13,14]. Macrophages play a special role in atherosgenesis because
they can actively accumulate lipids becoming foam cells [15-17]. The discovery of numerous
CD68-positive cells on vertical sections of human arterial wall with atherosclerotic lesions led
to the concept that macrophages are the primary cell type responsible for the formation and
progression of atherosclerotic plaques [18,19]. Kaartinen and co-authors [20] demonstrated
high macrophage content in fatty streaks and fibrolipid plaques (23% and 42% respectively)
in human aorta, which led them to the conclusion that inflammatory cells play the key role in
atherosclerotic lesion development. Other authors have also demonstrated the relative increase
of macrophage count in atherosclerotic lesions. However, macrophage content was not higher
than 17% of total cell population, hence, changes of macrophage count was less prominent than
reported by Kaartinen and co-authors [16]. It has to be noted that, although the involvement of
macrophages in the pathogenesis of atherosclerosis is not disputed, they are not the predominant
cell type in human aortic intima. Variability of the currently available data on the relative quantity
of macrophages in aterhosclerotic lesions could be explained by the fact that the results were
obtained for different arteries (coronary artery, carotid artery, aorta). It is possible that difference
in cellular content of atherosclerotic lesions reflect the existing difference in mechanisms of lesion
development in different parts of the vascular system. Moreover, the observed difference in
macrophage content could be explained by the use of certain antibodies for cell typing. Antibodies
to CD14 lipopolysaccharide receptor recognize peripheral blood monocytes and monocyte-
derived macrophages. Very few CD14-positive cells can be found in grossly normal intima,
whereas in atherosclerotic lesions their number increases. Antibodies MAC3 that recognize
tissue macrophages and activated monocytes allow detecting cells both in normal intima and
atherosclerotic lesions. The maximal number of such cells was found in fatty lesions (fatty streaks
and fibrolipid plaques), and was significantly higher than the number of cells expressing CD14.

The question on the relative amounts of inflammatory and resident cells in grossly normal
intima and atherosclerotic lesions remains to be fully answered. Some authors have demonstrated
that the percentage of smooth muscular cells decreases in atherosclerotic lesions, and the increase
of total cell population is dependent on inflammatory cells. For instance, Aqel with co-authors [16]
demonstrated that the number of macrophages in lesion areas increases in comparison to control
and approaches the corresponding value for the smooth muscular cells. Another study reported
different numbers. I fatty streaks, the ratio between smooth muscular cells and macrophages was
estimated to be 3:1, which was in accordance with results obtained by Katsuda and co-authors
[21] while studying cellular composition of fatty streaks in human aorta: 23:9.

Identification of lymphocytes, another type of inflammatory cells in the arterial wall, became
a subject of numerous studies [22-25]. However, the current knowledge on the number of these
cells in human aortic intima remains to be limited. Kaartinen and co-authors [20] studied the
cellular composition of human intima reporting the following numbers of the lymphocyte content:
2% in grossly normal intima, 8% in fatty streaks, 7% in fibrolipid plaques.
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Changes of resident and hematogenous cell count in the aortic intima were assessed using
a mixture of antibodies CD45+CD14, specific for lymphocytes and macrophages, which allowed
evaluating the total number of inflammatory cells. In atherosclerotic lesions, both resident and
hematogenous cells were more numerous. Percentage of hematogenous cells increased to a
larger extent (by 8 folds in comparison to grossly normal intima) that that of resident cells (by 3
folds). However, even such dramatic increase did not make the inflammatory cells predominant

in atherosclerotic lesions, where their content did not exceed 20% of total cell population.

The number of resident and inflammatory cells in the subendothelial intima was assessed
using the mixture of antibodies CD45+CD14 for staining vertical sections of human aorta. It was
demonstrated that along the supposed course of atherosclerotic lesion progression: grossly
normal-initial lesions-fatty streaks-fibrolipid plaques-fibrous plaques, the number of cells
followed a bell-shaped curve, with maximal cellularity detected in fatty lesions. Similar picture
was obtained for resident and inflammatory cells (Figure 2). Both in grossly normal intima and in

atherosclerotic plaques resident cells represented the majority of cell population.
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Figure 2: Number of resident and inflammatory cells in human aortic intima. Numbers of
resident and inflammatory cells in human aortic intima were assessed by staining of vertical
sections with antibodies specific for inflammatory cells (CD45+CD14), per 1 square mm of the
luminal surface of the vessel. Resident cells were detected as all cells negative for antibody

staining.

0 - grossly normal (4), I - initial lesions (5), II - fatty streaks (4), Va - fibrolipid plaques (5), Vc

- fibrotic plaques (6). Number of analysed cases is presented in brackets.
* - Statistically significant different from grossly normal intima, p<0.005

Estimation of the number of smooth muscular cells in atherosclerotic lesions and grossly
normal intima is one of the key questions required for understanding the pathogenesis of
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atherosclerosis. Immunocytochemical typing demonstrated that, while the total number of
cells increased in atherosclerotic lesions, the percentage of smooth muscular cells remained
unaltered (Table 4). In fatty streaks, a certain decrease of the number of smooth muscular cells
was detected in comparison to uninvolved intima. Such decrease can be explained first by the
fact that intracellular lipid accumulation is accompanied by loss of contractile filaments that are
used for detection of this cell type, second, by possible re-distribution of actin filaments to the cell

periphery, which hinders correct identification of cells by their nuclei.

The involvement of different intimal layers in atherogenesis is not equal [26]. Muscular-elastic
layer adjacent to the media is not significantly altered, and main pathological processes linked to
atherogenesis (lipid accumulation, collagen deposition, increase of cellularity) take place in the
proteoglycan-rich layer. Qualitative and quantitative changes of the cellular content also occur
mainly in the proteoglycan-rich layer. This layer hosts all the inflammatory cells, resident cells
expressing pericyte markers, unusual for typical smooth muscular cells, smooth muscular cells
expressing the macrophage antigen CD68. Most probably, such changes play an important role in
the initiation and progression of atherosclerotic lesions.

STELLATE CELLS

One of the important questions for understanding of atherogenesis is revealing the possible
link between changes of cellular composition and typical features of atherosclerotic lesion,
such as intimal thickening, lipid accumulation and collagen deposition. Calculated correlation
coefficients for these events are listed in Table 1. The highest correlation coefficients were
obtained for stellate cells. The closest link was revealed between the number of stellate cells and
total lipid and cholesterol esters contents. Correlation coefficients between the stellate cell count
and collagen deposition and intimal thickening were lower, but still exceeded the corresponding

values obtained for elongated cells and the total number of cells [8].

Stellate cells are located next to the lumen and represent the second barrier of the arterial wall
after the endothelial lining. Such location is likely to explain the involvement of these cells in the
early pathological changes in the arterial wall.

The most striking examples of stellate cells include neural cells and dendritic cells of lymphatic
follicles, mesangial cells of renal glomeruli and others. Stellate shape allows maintaining
intercellular communications in the tissue mediated by contact-forming processes. It can be
speculated that stellate cells of the subendothelial intima have similar functions, forming a

communicative network with their long processes.
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Table 1: Correlation between the number of cells and atherosclerotic features (lipid
accumulation, collagen deposition and intimal thickening).

Stellate cells Elongated cells Total cell count
Collagen 0.80 0.54* 0.63*
Total lipids 0.95 0.66* 0.81*
Cholesterol 0.86 0.53* 0.68*
Cholesterol esters 0.96 0.72* 0.76*
Triglycerides 0.94 0.64* 0.80*
Phospholipids 0.90 0.57* 0.72*
Intimal thickening 0.73 0.50* 0.58*

* - statistically significant correlation for stellate cells, p<0.05.

Figure 3: Connexin 43 (Cx43) in human aortic intimal cells in primary culture. ABC-
peroxydase, hematoxylin, Magnification x 200.

At day 7 of promary cell culture cells derived from grossly normal intima were treated with
methylbutyl xanthine (MIX), 10*M. After 3 h of incubation, cells were washed, fixed in 4%
formaldehyde and stained with antibodies specific for Cx43.

a - cells before treatment with MIX, Cx43 localized in small dots on the cell surface,

b - arborized cells after 3 h in incubation with MIX, Cx43 in the form of large pathces located
mostly at the ends of processes of arborized cells.

Arborization, hence, formation of stellate cells, could be induced in primary culture, where
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cells usually have flat polygonal shape, by increasing the intracellular level of cAMP (Figure 3). In
cultures from the proteoglycan-rich layer, almost 100% of cells acquired the stellate shape, while
in cultures from muscular-elastic layer the percentage of arborized cells did not exceed 50%, and

in cultures from the media - 10% [27].

Arborization of cells was associated with redistribution of connexin 43 (Cx43), the main
protein of gap junctions, highly specialized intercellular contacts. This protein is located at the cell
surface in structures that are called connexin plaques. On non-arborized cells, Cx43 plaques are
small and evenly distributed. On arborized cells, apart from small plaques, larger Cx43-positive
structures are present at the tips of cellular processes where intercellular contacts are formed
(Figure 3).

Therefore, increase of the intracellular cAMP leads to arborization of the subendothelial
intimal cells associated with redistribution of connexin plaques and, probably, enhancement of
intercellular commuication via gap junctions. It can be speculated that stellate shape of these cells
is essential for intercellular contact formation in the arterial intima. The ability of intimal cells
to arborize is not shared by the typical smooth muscular cells of the media that have reduced of
virtually absent capacity for arborization.

In addition to the observations described earlier, the ability of intimal cells to arborize
supports the suggestion that subendothelial intimal cells represent a distinct cell type, different

from typical smooth muscular cells.
QUANTITATIVE CHANGES OF INTIMAL CELL POPULATION

Total cell count was assessed in grossly normal areas of intima and in atherosclerotic plaques
on vertical sections of human aorta. In atherosclerotic lesions, number of intimal cells was higher
than in control, and intimal thickness was significantly increased. To evaluate the changes of
intimal cellularity, 1 mm-wide parts of the sections containing the whole depth of the intima
were analyzed. In comparison with grossly normal areas, total cell count in initial lesions was
1.5 folds higher, reaching statistical significance (Table 2). Significant increase of cellularity was
revealed also in fatty streaks and fibrolipid plaques (fibroatheromas), which contained 3 times
more cells that uninvolved intima. At the same time, cell count in fibrous plaques was lower than

in fibroatheromas and comparable to that in uninvolved intima.

Therefore, change of intimal cellularity follows a bell-shaped curve along the line: grossly
normal intima-initial lesion-fatty streak-fibrolipid plaque-fibrotic plaque, with maximal

cellularity reached in fatty lesions.

Cells of the protoglycan-rich layer represent the most dynamic population in the arterial
wall. Age-related intimal thickening is associated with an increase of cellularity in this layer. The
highest density of proteoglycan-rich layer cells is observed at the age of 30-55 years, after that the

number of cells decreases.
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Table 2: Number of intimal cells in human aorta.

Lesion type Total cellularity, Number of resident cells per 1 mm Number of henatogenous cells per 1 mm
cells per 1 mm
0 780+60 660+60 40+6
| 1120+40* 1040+40* 80+6*
I 1320+60* 1180+40* 120+20*
Va 2560+220* 2200+180* 360+60*
Ve 1160+100* 1060+80* 80+80*

0 - grossly normal intima; [ - initial lesion; II - fatty streak; Va - fibrolipid plaque; Vc -
fibrotic plaques.

* - Statistically significant difference from grossly normal intima, p<0.05.

The increase of proteoglycan-rich layer cellularity also occurs in other diseases. The
most dramatic changes are associated with general septic and toxic processes, terminal
pneumonia, diffused septic peritonitis and meningitis. Increased cellularity was also detected in
glomerulonephritis and persistent hypertension. In contrast, carcinomas, myelosis and diabetes

mellitus are associated with decreased cellular count [2].
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Figure 4: Number of intimal cells in human aorta.

Number of cells in intimal layers was assessed on vertical sections of arortic wall stained with
hematoxylin-eosin, counted per 1 mm of luminal surfacr of the vessel

0 - grossly normal intima (5), II - fatty streak (7), Va - fibrolipid plaque (6). Number of analyzed

cases is presented in brackets.
PG - Proteoglycan-rich layer of intima, ME - muscular-elastic layer of intima.

* - Statistically significant difference from grossly normal intima, p<0.05.

The cell count in grossly normal intima and atherosclerotic plaques was assessed using the
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method of alcohol-alkaline dissociation of fixed tissue [9]. In the proteoglycan-rich layer, number
of cells in fatty streaks and in lipofibrous plaques was increased by 1.5 and 2 folds respectively. At
the same time, cellularity of the muscular-elastic layer and the media was not significantly changed
[28]. Similar results were obtained on vertical sections of human aorta. Number of cells in the
luscular-elastic layer was similar in uninvolved intima and atherosclerotic lesions, whereas the
number of cells in the proteoglycan-rich layer was increased by 2 folds. Therefore, atherosclerotic
lesion development is associated with an increase of cellularity of the proteoglycan-rich layer.

Along with the increase of total cell count in the proteoglycan-rich layer, atherosclerotic lesion
developmentis associated with changesin the proportion of the main morphological cell types [29].
The number o stellate cells in the proteoglycan-rich layer dramatically increases in comparison
with other cell types. The amount of elongated smooth muscular cells in atherosclerotic plaques
increases only by 1.5 folds in comparison with grossly normal intima, whereas the number of
stellate cells increases by 13 folds [26].

Study of the cellular composition of human arterial intima has a long history [1,26,30,31].
Resident subendothelial cells that are different from typical smooth muscular cells have been
called intimal fibroblasts [1], mesenchymal reserve cells [30], pericytes or vascular cambial
cells [3]. However, after a series of electron microscopy studies, an opinion was established that
intimacytes of large arteries are modified smooth muscular cells [32,33].

Therefore, the total cell count increases in atherosclerotic lesion areas in comparison to
uninvolved intima. According to a common hypothesis, hypercellularity is a key feature of
atherogenesis [13,14]. However, the inrease of cell count is less dramatic than has been considered
before.

CELLULAR NETWORK

About 50 years ago, Schonfelder [2], while studying horizontal sections of intima, suggested
that intial stellate cells can be connected into a network. He described empty channels between
the interconnected processes that could penetrate deep into the intimal layer.

The concept of cellular network in the intimal layer was supported by the results of recent
studies. Scanning electron microscopy revealed intercellular contacts in the proteoglycan-rich
layer of normal aortic intima. All cells of the layer contacted with each other forming a horizontal
network [34]. Cells located at different levels were also connected with each other, forming links
between the networks of different levels and hence a three-dimentional network structure. All
cellular processes formed contacts with processes or bodies of other cells. Therefore, proteoglycan-
rich layer of the intima can be regarded as a system of interconnected cells. Free spaces between
the cellular processes are filled with connective-tissue matrix.

It was demonstrated that cells of the muscular-elastic layer do not form a network typical for
stellate cells of the proteoglycan-rich layer. Scanning electron microscopy studies have shown
that most of the cells in this layer have elongated bipolar shape typical for smooth muscular cells
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of the media. Cells in the muscular-elastic layer are densely packed forming layers positioned at
small angles to each other.

There is a continuous vertical gradient of the ratio between stellate subendothelial cells with
processes and elongated smooth muscular cells. The number of elongated cells decreases in
the direction from the muscular-elastic layer to the endothelium, and the percentage of stellate
network-forming cells correspondingly increases.

Cellular system of the intima is significantly altered in atherosclerosis. In fatty streaks, stellate
cells are usually loaded with lipids [12,8,35]. Apparently, lipid accumulation is linked to the
observed enlargement of cells, blebbing of the cell surface and formation of lipid droplets and
vesicles. Extracellular vesicles, probably formed by budding of the cellular processes, can also be
observed. It is possible that active vesicle formation at the tips of processes causes dissociation of
intercellular contacts.

In atherosclerotic plaques, changes of the cellular system are even more pronounced. In
the surface layer of the connective tissue cap of atherosclerotic plaque, stellate cells are always
observed as isolated cells or present in small groups. Lipid inclusions can be seen in some cells.
The number of stellate cells increases in deeper layers of the intima, but normal cellular network
is nevertheless absent. Interestingly, normal three-dimensional cellular network can be found
near the shoulder areas of atherosclerotic plaques, where no visible features of atherosclerotic
lesion are present. These cells do not form contacts with fragments of cellular network present in
the atherosclerotic plaque.

INTERCELLULAR COMMUNICATION

Atherosclerotic lesion formation is therefore associated with disconnection of the cellular
network leading to complete isolation of intimal cells in atherosclerotic plaques. It is well known
that regulation of interconnected cells in tissues can be mediated via a special form of intercellular
contacts, gap junctions [36]. Gap junctions play an important role in regulation of tissue
homeostasis, allowing transport of cellular metabolites, second messengers and other biologically
active molecules between cells. Presence of gap junctions is a typical feature of differentiated
cellular systems with high levels of intercellular integration [37-41]. As mentioned before, stellate
shape and contact-forming of the intimal cells may be an important factor regulating the arterial
wall function. Gap junction dysfunction can be one of the possible mechanisms of cellular network
dissociation observed in atherosclerosis.

The degree of intercellular communication mediated by gap junctions can be estimated by
the expression levels of contact-forming proteins. Connexin 34 (Cx43) is the principal protein of
gap junctions, which is located on the cell surface in so-called connexin plaques. The number of
connexin plaques is decreased by 3 folds in fatty streaks in comparison with uninvolved intima.

Importantly, in areas of atherosclerotic lesions, cells with lipid inclusions have less Cx43

plaques those cells without visible lipid accumulation (Figure 5).
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At the same time, in grossly normal intima, the number of Cx43 plaques per cell is similar
regardless of the cell location depth (Figure 6). In atherosclerotic lesions, the number of Cx43
plaques per cell decreases in the surface areas of the proteoglycan-rich layer, while in the deeper
areas, at the border with the muscular-elastic layer, this number is higher and similar to that
of the uninvolved intima (Figure 6). These results are in accordance with previously reported
observations that in atherosclerotic lesions, cellular network is disturbed in the surface layers,

but remains intact in the deeper layers of the arterial intima.
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Figure 5: Number of Connexin 43 (Cx43) plaques on cells with and without lipid inclusions

in human aortic intima.

Cx43 was visualized by immunocytochemistry on fixed sections. Sections were post-stained
with filipin to reveal cholesterol esters in intracellular lipid inclusions. Cx43 plaques were counted
on cells with and without lipid inlusions.

* - statistically significant difference from cells without lipid inclusions, p<0.05.

Study of the possible mechanism of disturbed intercellular communicaltion in atherosclerotic
lesions was performed on primary culture of aortic cells. Apart from staining for Cx43, level
of intercellular communication can be estimated by tracing the transfer of fluorescent dye
microinjected in one of the contacting cells into adjacent cells. Using fluorescent dye that can be
specifically transferred through gap junctios allows evaluation of intercellular communication
efficiency.
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Figure 6: Number of Connexin 43 (Cx43) plaques on cells from normal intima and

atherosclerotic lesions from human aorta.

Cx43 was revealed by immunocytochemistry on fixed sections of grossly normal areas and
atherosclerotic lesions of human aortic intima. Number of Cx43 plaques per cell was calculated
for each sample. Number of Cx43 plaques per cell was calculated for cells located at different

distances from the vascular lumen (indicated in um).
* - statistically significant difference from the normal intima, p<0.05.

The level of intercellular communication was evaluated using both of the described methods
in cultures with different density. The obtained results were consistent. Comparison of cultures
derived from grossly normal areas and atherosclerotic lesions demonstrated that intercellular
communication rate was 1.5 folds higher in cultures from uninvolved intima [35].

Figure 7: Distribution of fluorescence in primary culture of subendothelial cells from human
aortic intima after injecion of calcein into one of the cells.
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Presence of cells with lipid accumulation (foam cells) is a typical feature of cultures obtained
from atherosclerotic lesions. To test the hypothesis that lipid load is linked to the disturbance
of intercellular communication, fluorescent dye was injected into cells without visible lipid
accumulation and into cells filled with lipid inclusions (Figure 7). Level of intercellular
communication of cells without inclusions was similar to that of cells cultured from grossly
normal intima [35]. Strikingly, intercellular communication of cells with lipid inclusions was
reduced by 2 folds (Figure 8). The number of Cx43 plaques was also reduced in cells with lipid
accumulation in comparison to cells containing no visible lipid inclusions (Figure 8). It can be
concluded that intracellular lipid accumulation is one of the possible reasons of the decreased
intercellular communication in atherosclerotic lesions.

Based on the discussed observations, it can be concluded that stellate cells represent the
principal cell type in the proteoglycan-rich layer of the arterial intima. These cells are different
from the typical smooth muscular cells of the media by their shape, presence of several long
processes and the ability for network formation. They contain few if any contractile organells,
but have a well-developed endoplasmic reticulum. Stellate cells express a number of antigens
that distinguish them from the smooth muscular cells and may reflect their functional difference:
pericyte-specific antigens 3G5 and 2A7 and macrophage-specific scavenger receptor CD68.
The number of stellate cells increases in atherosclerotic lesions, which correlates with main
pathological features of atherogenesis.

In the proteoglycan-rich layer of normal intima, interconnected cells form a three-dimentional
network. In atherosclerotic lesions, intercellular communication rate decreases, most probably,
as a result of intracellular lipid accumulation.
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Figure 8: Intercellular communication in cells with and without lipid inclusions.

Intercellular communication was assessed in primary culture of human aortic intimal cells
by microinjection of fluorescent dye calcein (left) as described before [35] and by counting the
number of Cx43 plaques (right).

Fluorescent dye was injected into cells with lipid inclusion and without visible lipid inclusions,
and the number of fluorescent cells contacting with the injected cell was counted.

Anti-Cx43 staining was performed and Cx43-positive plaques were counted on cells with lipid

inclusion and without visible lipid inclusions revealed by filipin staining.

* - statistically significant difference from cells without lipid inclusions, p<0.05.
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