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Electron Microscopic Study of Rheumatoid Synovial Vasculature
Intimate Relationship Between Tall Endothelium and Lymphoid Aggregation
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Harold C. Simmons Arthritis Research Center; and Inflammation Research Unit, Department of Internal Medicine, The University of
Texas Health Science Center at Dallas, Southwestern Medical School, Dallas, Texas 75235

Abstract

The relationship between (a) "tallness" and (b) cross-sectional
area of the endothelial cells (EC) of postcapillary venules (PCV)
and capillaries and the cellular composition of adjacent perivas-
cular mononuclear cell infiltrates in rheumatoid (RA) synovial
membrane has been examined by electron microscopy. "Tallness"
of the ECwas measured as the ratio of the height of the EC to
its base (H/B). H/B showed a strong positive correlation with
the number and percent of perivascular lymphocytes, i.e., the
denser the lymphoid aggregation, the taller the EC. In contrast,
H/B showed negative correlations with percent perivascular
plasma cells, macrophages, and fibroblast(cyte)s. No such cor-
relations were observed with pericapillary infiltrates. Acomputer-
based morphometric technique yielded similar relationships be-
tween the cross-sectional area of the ECand the composition of
the perivascular infiltrates. These results indicate that the EC
of PCVin lymphocyte-rich areas of synovium tend to be tall and
to occupy an increased fraction of the cross-sectional area of the
vessel. In contrast, in areas rich in macrophages and plasma
cells, EC tend to be flat and to occupy a smaller fraction of the
cross-sectional area. PCVin uninfiltrated interstitial areas and
in normal synovium had flat EC, and capillaries had flat EC
regardless of the character of the surrounding infiltrate. Finally,
PCVin lymphocyte-rich areas closely resembled those of tonsil
in appearance. Our findings indicate that the PCVof the RA
synovial membrane from which lymphocytes emigrate to form
perivascular lymphoid aggregates resemble those of lymphoid
tissue. They suggest that chronic inflammatory tissue and normal
lymphoid tissue share mechanisms of lymphocyte emigration.

Introduction

Rheumatoid arthritis (RA)' synovitis is characterized by mono-
nuclear cell infiltration. In the sublining region of the synovium,
the mononuclear cells are distributed in a variety of patterns.
There are areas of lymphoid aggregation, which have been termed
lymphocyte-rich areas (1, 2), and areas containing lymphocytes,
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1. Abbreviations used in this paper: EC, endothelial cells; EM, electron
microscope; H/B, ratio of the mean height of a vessel's EC to the mean
base; IL-i, interleukin 1; o.d., outer diameter, PCV, postcapillary venules;
RA, rheumatoid arthritis.

macrophages, and plasma cells. Because the latter areas are often
located at the margin of lymphocyte-rich areas and contain many
blastic cells, these areas have been termed transitional areas.
Finally, there are areas rich in plasma cells, presumably as a
result of extensive B cell proliferation and differentiation. On
the basis of monoclonal antibody staining, it has been found (3-
8) that the lymphocyte-rich areas are made up predominantly
of helper, inducer T cells while the transitional areas contain
increased percentages of suppressor cytotoxic T cells (8).

The RAsynovial membrane shares a number of properties,
both structural and functional, with lymphoid tissue. The lym-
phocyte-rich areas resemble the paracortical areas of the lymph
node in their dense concentrations predominantly of helper T
cells (9-1 1). Occasionally, germinal centers rich in B cells are
seen (6). Similar amounts of immunoglobulin are synthesized
by the two types of tissue, and the relative proportions of the
immunoglobulin classes that are synthesized are also similar (12).

In lymphoid tissue, lymphocytes emigrate from the blood
into the paracortical region through postcapillary venules lined
with tall endothelial cells (EC) (13-16). Recent evidence indicates
that vessels resembling tall endothelial venules exist in the RA
synovial membrane as well as in the synovial membranes of a
number of other arthropathies (17-19), and that the ECin these
tissues tend to be tall in areas where lymphocytes are aggregated
( 17). In the present report, the relationship between the tallness
of the endothelium and the composition of the perivascular in-
filtrates in the RAsynovium has been investigated in detail using
an electron microscopic technique. It has been observed that
the "tallness" of the endothelium in postcapillary venules is
closely related to the concentration of lymphocytes in the peri-
vascular infiltrate.

Methods

Tissues. 20 synovial membrane samples from patients with classical or
definite RAwere obtained at synovectomy or reconstructive joint surgery.
Wealso examined three normal synovial membranes from patients with
intraarticular ligamentous injury, and three tonsils obtained at tonsil-
lectomy.

Synovial specimens were minced into 1-mm3 pieces and fixed with
2.5% glutaraldehyde (Sigma Chemical Co., St. Louis, MO). Tonsils were
fixed with Carson's fixative (20). Specimens were washed with 0.1 M
phosphate buffer (pH 7.4), postfixed with 1% osmium tetroxide (Ladd
Research Industries, Inc., Burlington, VT), washed, and dehydrated in
graded alcohol to 100% and immersed in propylene oxide (J. T. Baker
Chemical Co., Phillipsburg, NJ) for 20 min. Specimens were then trans-
ferred into Epon 812 (Electron Microscopy Sciences, Ft. Washington,
PA) diluted with propylene oxide, embedded in pure Epon, and poly-
merized.

Light and electron microscopy. Semi-thin sections, -1 m thick,
were made from three to four blocks prepared from each tissue specimen,
and stained with 1% Toluidine Blue in borax. Vessels, appearing to be
either venules or capillaries under the light microscope, were chosen for
further study in the electron microscope (EM). Selected areas were
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trimmed and ultrathin sections were made on an LKB Ultratome (LKB
Instruments, Inc., Gaithersburg, MD) using a diamond knife. Sections
were then picked upon a Formvar-coated (Ladd Research Industries),

copper-rhodium plated 100 mesh (Ernest F. Fullam, Inc., Schenectady,
NY) and stained with uranyl acetate and lead citrate. Photos in mag-
nifications ranging from X 560 to X 6,800 (original magnification) were
taken with an electron microscope (301; Philips Electronic Instruments,
Inc., Mahwah, NJ).

On the basis of their appearance in the EM, and utilizing structural
criteria (21-24), small arteries and arterioles were excluded. Vessels in
which the quotient of the long outer diameter (o.d.) divided by the short
o.d. was over 3.0 (Fig. 1 A) were also excluded because of the possibility
that these vessels might have been sectioned obliquely.

Measurement of vessels. To document the size of vessels, the mean
of the long and short o.d., measured from the bases of the ECon opposite
sides of the vessel, was calculated. The short o.d. was established by
drawing a perpendicular through the center of the long o.d. On the basis
of measurements in rabbit skin, Rhodin (22) has described capillaries as
having a luminal diameter up to 8 Mtm, which would correspond to an
o.d. of 10 ,um after correcting for EC height. However, in the RA
synovial membrane, vessels with a mean o.d. between 10 and 15 MAm
often had the appearance of capillaries, i.e., they had three or less ECin
a cross-sectional area and prominent pericytes (23, 24). Accordingly,
vessels with a mean o.d. of < 15 um were classified as capillaries.

Vessels encountered in this study with mean o.d. between 15.2 and
50.6 Mim were classified as postcapillary venules since vessels in this size
range frequently had tall endothelium. Vessels of larger size were not
examined because of the difficulty of including larger vessels together
with their perivascular infiltrates in a single electron photomicrograph
of appropriate magnification.

In vessels selected for detailed examination, the mean o.d., circum-
ference, and the number and height of the ECwere measured. The tallness
of the EC was quantitated by measurement of the ratio of the mean

Figure 2. Postcapillary venule in RA synovium lined with tall EC. Numerous perivascular lymphocytes and scattered macrophages, interdigitating
cells, and fibroblasts are seen in an area rich in lymphocytes. The vessel has a mildly thickened basement membrane and small lumen. (Original
magnification X 560).
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height of all of the EC of a given vessel to their mean base (H/B). The
mean base was calculated by dividing the circumference of the vessel,
measured with a planimeter, by the number of ECcounted. The numbers
and percentages of lymphocytes, plasma cells, macrophages, and fibro-
blast(cyte)s within a 30-,m range of the vessel were also measured (Fig.
1 B). In addition to areas containing mononuclear cell infiltration, mea-
surements were made in uninfiltrated interstitial areas. The interfollicular
areas of the tonsil (25, 26) and normal synovium were also examined.

Measurements of vessels were also made using a computer-based
morphometric technique (27, 28). Employing a custom morphometrics
package written in the Department of Pathology, the University of Texas
Health Science Center at Dallas, TX, a digitized tablet, interfaced with
an Apple II computer, was used for this purpose. In this method, the
circumference and total cross-sectional area of postcapillary venules and
capillaries and the cross-sectional area of the lining endothelium of these
vessels were measured. Partial collapse of vessels as a result of fixation
(29) was corrected for by normalization of the cross-sectional area of the
vessel and its lumen (28). This was done as follows: a tracing was made
of the external circumference of the vessel at the base of the EC. A
similar tracing was made of the circumference of the lumen along the
luminal surface of the EC. Computerized calculations were then obtained
of the total cross-sectional area and luminal area of the vessel normalized
in each case to the area of a true circle. The normalization was based
on a computerized calculation of the areas of true circles with the mea-
sured circumferences. From the total cross-sectional area and the EC
area (total area-luminal area), the percent of the cross-sectional area
occupied by endothelium was calculated.

Statistical analyses. Correlations between H/B ratio or percent cross-
sectional area occupied by ECand the percentages and numbers of the
inflammatory cell types in the perivascular infiltrates were made by linear

regression analysis. Comparisons between the H/B ratios in different
areas of the synovium and tonsil tissue were analyzed by one-way analysis
of variance, followed by Newman-Keuls multiple comparisons (30) when
appropriate.

Results

In 20 specimens of RA synovial membrane, 153 vessels ap-
pearing in the light microscope to be either venules or capillaries,
were chosen for examination in the EM. On EMexamination,
vessels with the appearance of arteries or arterioles and vessels
of uncertain identity were excluded. 52 remaining vessels, derived
from 20 synovial specimens satisfying criteria for venules or
capillaries, were chosen for detailed study. The mean o.d. of
these vessels ranged from 5.3 to 50.6 Am. 24 of these vessels
(o.d. < 15 Am) were classified as capillaries and 28 (o.d. 15.2-
50.6 lm) were classified as postcapillary venules.

The areas surrounding postcapillary venules (PCV) in RA
synovium differed in cellular composition. Of particular interest
in this regard was the observation that those PCV that were
lined with tall ECwere surrounded by infiltrates that contained
a high percentage of lymphocytes (Fig. 2). This was especially
true when the percentage of lymphocytes was >50%. In such
areas, almost all lymphocytes were small lymphocytes, with a
minority of macrophages (3-15%) and fibroblasts (8-18%). Some
macrophage-like cells in these areas resembled the dendritic cells
described in human peripheral blood (3 1), and mouse lymphoid
tissue (32), and the interdigitating cells in rabbit (33) and human

Figure 3. A large postcapillarv venule in RA svnovium lined with tall endothelium. Two emigrating lymphocytes (arrowheads) are seen. Origilnal
magnification X 560).
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lymphoid tissue (34). In smaller PCV, tall EC obstructed the
lumens and in these, the basement membrane was somewhat
thickened and the inner layers of the surrounding perivascular
cells appeared to be tightly linked together (Fig. 2). Passage of
lymphocytes through the endothelium was observed only in tall
endothelial PCV(Fig. 3). In contrast to the tall EC of PCVsur-
rounded by relatively lymphocyte-rich infiltrates, those in the
transitional areas, which were populated largely by macrophages,
plasma cells, and lymphocytes, had relatively flat EC (Fig. 4).

Correlations between perivascular mononuclear cell com-
position and H/B ratios of the PCV. The H/B ratio of the PCV
in RA synovium showed a strong positive correlation with the
percentage of lymphocytes in the chronic mononuclear cell in-
filtrates within a 30-,um range of the vessels (r = 0.94, P< 0.00 1)
(Fig. 5). In contrast, it showed negative correlations with percent
plasma cells (r = -0.60, P < 0.01), macrophages (r = -0.82, P
< 0.001), and fibroblast(cyte)s (r = -0.58, P< 0.01). Correlations
between the actual numbers of the various mononuclear cell
types counted in the same areas and H/B ratios were in the same
direction, i.e., for the number of lymphocytes, r = 0.91, P
< 0.001; plasma cells, r = -0.54, P < 0.05; and macrophages,
r = -0.68, P < 0.001.

The perivascular zones of PCV in noninfiltrated interstitial
areas of the RAsynovial membrane contained mainly histiocytic
cells and fibroblasts (5, 6, 35, 36). In these areas, the percent
lymphocytes was usually less than 10. There was no correlation
between the composition of the surrounding cell population and
the H/B ratio of the PCVof such areas (data not shown).

Correlation between perivascular mononuclear cell compo-
sition and H/B ratios of capillaries. As shown in Fig. 6, there
was no significant correlation between the H/B ratio and the
composition of the various mononuclear cell populations sur-
rounding the capillaries.

Correlation between mononuclear cell composition and en-
dothelial cell cross-sectional area measured by a computerized
morphometric technique. The percent of the PCVcross-sectional
area occupied by EC showed a strong positive correlation with
the percent lymphocytes in the surrounding infiltrates (r = 0.81,
P < 0.001) (Fig. 7). In contrast, it had significant negative cor-
relations with the percentages of plasma cells (r = -0.62, P
< 0.01) and macrophages (r = -0.69, P < 0.001). These findings
indicate that the endothelium of PCVsurrounded by lympho-
cyte-rich populations was not only tall but also occupied a rel-
atively larger fraction of the cross-sectional area of the vessel.
There was no significant correlation between ECcross-sectional
area and the composition of the mononuclear cell populations
surrounding the capillaries (data not shown). It should be em-
phasized that these results were obtained by a computer-based
morphometric method in which correction was made for possible
shrinkage of vessels following resection of the tissue or as a result
of fixation. They support the previous results obtained by mea-
surement of the H/B ratio.

Comparison ofendothelial cell height and H/B ratios ofPCV
in rheumatoid synovium, normal synovium, and tonsil. Mean
height and H/B ratios of the EC of PCVwere compared in RA
synovium, normal synovium, and tonsil (Table I). Perivascular

Figure 4. A postcapillary venule in a transitional or antibody-producing area of RA synovium. Many plasma cells and a few lymphocytes and
macrophages are observed in the perivascular area. Endothelial cells are flat. (Original magnification X 700).
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strong positive correlation with percent lymphocytes (r = 0.94, P
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<0.01.

inflammatory areas of the RA synovium were classified in two
subgroups: areas containing >70% lymphocytes, and areas con-
taining <70% lymphocytes. As shown in Table I, the mean
heights of the PCVof the lymphocyte-rich areas of the synovium
as well as those of tonsil were significantly greater than those of
the lymphocyte-poor areas and noninflammatory interstitial
areas of the RA synovium and normal synovium (P < 0.001).
Similarly, the H/B ratios of the PCV of the lymphocyte-rich
areas of the synovium as well as those of the tonsil were also
significantly greater than those of the PCVin the other areas (P
< 0.001). Mean height and H/B ratios of the EC of capillaries
in lymphocyte-rich, lymphocyte-poor, and uninfiltrated areas of
the RA synovium were also compared (Table II). Both height
and H/B ratios demonstrated no significant differences in these
three types of areas.

Discussion

In previous communications from this laboratory (1, 2, 8), a
distinction has been made between lymphocyte-rich areas of
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Figure 7. Correlation between percent-
ages of various mononuclear cell types
and the fraction of the cross-sectional
area of PCVin RA synovium occu-
pied by EC, measured by a computer-
based morphometric technique. The
percentage of the cross-sectional area
occupied by ECshowed a strong posi-
tive correlation with percent lympho-
cytes (r = 0.81, P < 0.001).

RAsynovium, containing dense aggregates of lymphocytes, and
transitional areas, made up of lymphocytes, macrophages,
plasma cells, and small numbers of other cell types. In the present
study, the relationship between the "tallness" of the endothelial
cells (EC) of the postcapillary venules and capillaries and the
composition of the surrounding perivascular infiltrates of RA
synovium has been examined. Control studies were carried out
with normal synovium and tonsil. It was observed that the "tall-
ness" of the ECof PCV, as measured by their height, H/B, and
cross-sectional area, showed a clear relationship to the number
and percentage of lymphocytes in adjacent mononuclear cell
infiltrates. In this respect, the tallness of ECin areas of lymphoid
aggregation resembled that of the ECin PCVof the tonsil, which
suggests that the mechanism of lymphocyte emigration (13-16)
was similar in both tissues. Of additional interest was the oc-
currence of a clear negative relationship of ECheight and tallness
(H/B) and percent cross-sectional ECarea to the numbers and
percentages of macrophages, plasma cells, and fibroblasts in the
perivascular infiltrates. In previous work, Freemont et al. (17),
observing small blood vessels in the synovial membrane of dif-
ferent arthropathies in the light microscope, found that ECwere
plump when the numbers of lymphocytes exceeded 150/mm2,
and were absent when <20 lymphocytes/mm2 were present. This
light microscopic observation suggested that lymphocytes in
synovium, as in lymphoid tissue, emigrated from tall endothelial
PCV. Our findings in the EMhave extended this observation
by demonstrating that (a) the tall endothelial vessels surrounded
by lymphocyte-rich infiltrates in synovium are PCV, (b) there
is a high correlation between the tallness and size of the ECand
the number and percent of lymphocytes in the perivascular in-
filtrate, (c) PCV in transitional areas, containing a variety of
mononuclear cells, and in uninfiltrated interstitial areas tend to
have flat endothelium, and (d) capillaries in all of these areas
also have flat endothelium. Taken together, our findings indicate
that the PCVof the RA synovial membrane, from which lym-

Table I. Height and H/B of ECof PCV*

No. Height# of
PCV of vessels Mean o.d. EC H/Bt of EC

'sm Jm
Rheumatoid synovium

inflammatory areas
>70% Lymphocytes 5 27.0±14.0§ 6.94±1.30' 0.89±0.18a
<70% Lymphocytes 15 28.8±12.0 3.94±1.452 0.32±0.15b

Noninflammatory areas 8 27.3±12.8 3.09+0.923 0.32±0.1 Ic
Tonsil 13 27.8±8.82 7.15±1.884 0.72±0.20d
Normal synovium 10 21.6±7.41 2.86±1.48' 0.30+0.12'

* Mean o.d., 15.2-50.6 Am.
I1 or 4 vs. 2, 3, or 5, P <0.001; a or d vs. b, c, ore, P <0.001.

§ Mean±SD.
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Table II. Height and H/B of ECof Capillaries*

No. Heightt of H/Bt of
Capillary of vessels Mean o.d. EC EC

Mlm Mim

Rheumatoid synovium
inflammatory areas

>70% Lymphocytes 6 9.03±3.07§ 2.54±1.71 0.34±0.28
<70% Lymphocytes 13 10.7±2.80 2.17±0.67 0.25±0.13

Noninflammatory areas 5 11.3±1.75 2.10±1.07 0.27±0.17

* Mean o.d. < 15 Mm.
t Differences not significant.
§ Mean±SD.

phocytes emigrate to form perivascular lymphoid aggregates,
resemble those of lymphoid tissue.

What are the factors that determine the observed relationship
between perivascular lymphocyte concentration and EC tallness?
Graham et al. (37), studying a peroxidase-induced synovitis in
the rabbit, suggested that plump ECdeveloped in inflammatory
foci before the appearance of dense lymphoid aggregates. It is
of interest, in this regard, that rats immunized with spinal cord
or myelin basic protein developed Ia-positive ECbefore the de-
velopment of the inflammatory infiltrates of experimental allergic
encephalomyelitis (38). These observations suggest that the de-
velopment of tall EC may be a consequence of subtle early in-
flammatory events that occur before the emigration of mono-
nuclear cells.

The emigration of lymphocytes involves several steps. In the
first of these, the circulating lymphocyte binds to the EC of a
postcapillary venule (39); a specific ligand on the lymphocyte
and receptor on the EC appear to be involved. After binding,
the lymphocyte traverses the endothelium and migrates to an
appropriate microenvironment. It has been shown in this lab-
oratory that interleukin 1 (IL- 1) increases the binding of human
B and T lymphocytes to endothelial cell monolayers (40). IL- I
has also been shown to be a chemotactic agent for lymphocytes
(41), so that in addition to stimulating ECbinding, it may attract
the lymphocyte through the endothelium to its appropriate place
in the extracellular microenvironment. In view of recent obser-
vations (5, 35, 36) that uninfiltrated areas of RAsynovium con-
tain large numbers of Ia-positive, macrophage-positive histiocytic
cells, which may be able to secrete IL-1, it is possible that the
uninfiltrated synovium may be prepared to support lymphocyte
emigration, after an appropriate initiating event, by virtue of
the EC stimulating and chemotactic actions of IL- 1.

The possibility that lymphocytes may play a role in the stim-
ulation of EC size must also be considered. Flattening of tall
endothelium in mouse lymph node after thymectomy (42) and
reappearance of tall EC after transfusion of syngeneic thoracic
duct lymphocytes (43) have been observed. Induction of Ia
expression (44) and increased binding of lymphocytes on EC
(45) by supernatants of activated T cells or interferon-y also
suggest an active function on the part of lymphocytes in their
interaction with EC. In addition, the recent observation that IL-
1 and interferon-y have a synergistic effect in modifying the
phenotypic expression of EC(46) raises the possibility that there
is a combined effect of macrophages and lymphocytes in stim-
ulating the development of tall endothelium. This could be an
early event in the development of RA synovitis.
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