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Article

Introduction

Sjögren’s syndrome (SS) is a chronic inflammatory autoim-
mune disorder that often results in hyposalivation and 
affects approximately 0.5% to 3% of the world’s population 
(Mavragani and Moutsopoulos 2010). Hyposalivation 
reduces the quality of life for many patients, as it increases 
the risk of dental caries and oral infections (Lawrence et al. 
2008; Sreebny and Valdini 1987; Thomson et al. 2006). 
Additionally, it causes difficulty in speech, chewing, and 
swallowing food (Lawrence et al. 2008; Sreebny and 
Valdini 1987; Thomson et al. 2006). Investigations in SS 
pathogenesis have predominantly analyzed the lymphocytic 
infiltration into the salivary glands (Fujihara et al. 1999; 
Margaix-Muñoz et al. 2009; Pérez et al. 2005; Yamamoto 
2003). However, only a few studies have investigated the 
impact of blood vessel remodeling in salivary glands with SS 

(Edwards et al. 1993; Saito et al. 1993; Turkcapar et al. 
2005).

Proper saliva secretion is dependent upon blood flow to 
the salivary glands (Smaje and Gamble 1987; Thakor et al. 
2003). Interestingly, it has been shown that some patients 
with SS have increased blood flow (hyperemia) through 
their major salivary glands, as compared with that of healthy 
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Summary
Angiogenesis has been proposed to play a role in the inflammation observed in Sjögren’s Syndrome (SS). However, no 
studies have validated the degree of angiogenesis in salivary glands with SS. Therefore, the goal of this study was to determine 
the presence and localization of angiogenesis and lymphangiogenesis in salivary glands with SS. We used frozen tissue 
sections from human minor salivary glands (hMSG) with and without SS in our analyses. To investigate signs of angiogenesis, 
hMSG tissue lysates were used to detect levels of the pro-angiogenic protein vascular endothelial growth factor (VEGF) by 
western blot analyses. Additionally, we labeled blood vessels using antibodies specific to platelet endothelial cell adhesion 
molecule-1 (PECAM-1) and von Willebrand Factor (vWF) to determine blood vessel organization and volume fraction 
using fluorescence microscopy. Lymphatic vessel organization and volume fraction were determined using antibodies 
specific to lymphatic vessel endothelial hyaluronan receptor (LYVE-1). Our results suggest that expression levels of VEGF 
are decreased in hMSG with SS as compared with controls. Interestingly, there were no significant differences in blood 
or lymphatic vessel organization or volume fraction between hMSG with and without SS, suggesting that angiogenesis and 
lymphangiogenesis have little impact on the progression of SS.
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individuals (Chikui et al. 2000; Steiner et al. 1994). This 
finding is suggestive of blood vessel growth and remodel-
ing (angiogenesis), and has led to numerous studies investi-
gating pro-angiogenic factors in patients with SS (Delaleu 
et al. 2008; Ohno et al. 2004; Sisto et al. 2012; Szodoray et 
al. 2004). However, no previous studies have directly ana-
lyzed the vascular organization of salivary glands with SS 
for signs of angiogenesis. This is critically important, as an 
increase in blood flow may not require angiogenesis, espe-
cially within the salivary glands. During maximal stimula-
tion, blood flow to the salivary glands can increase 20-fold 
(Smaje and Gamble 1987). This observation suggests that a 
remodeling of the vasculature in the salivary glands may 
not be necessary to facilitate chronic hyperemia. 
Additionally, reported findings on protein expression levels 
of vascular endothelial growth factor (VEGF, an initiator of 
angiogenesis) have been contradictory, with some studies 
displaying an increase (Ohno et al. 2004; Sisto et al. 2012) 
and others no change or a decrease in expression (Delaleu  
et al. 2008; Szodoray et al. 2004).

Previous studies have associated angiogenesis with auto-
immune disorders (Carmeliet 2005; Taylor and Sivakumar 
2005). Specifically, studies have observed angiogenesis in 
the synovium of patients with rheumatoid arthritis 
(Szekanecz et al. 2005). The aim of this study was to deter-
mine the presence, localization, and degree of angiogenesis 
in human minor salivary glands (hMSG) with SS (given 
that SS is a rheumatic disorder). We also examined lym-
phangiogenesis in hMSG with SS, as this process often 
coincides with angiogenesis (Baluk et al. 2005; Baluk et al. 
2009; Cao et al. 2004; Streit and Detmar 2003).

Our investigation determined blood and lymphatic ves-
sel organization, as well as volume fraction (volume of ves-
sels in tissue as a percentage of the total tissue volume) in 
hMSG tissue sections with and without SS. Additionally, 
we quantified the expression of protein markers of angio-
genesis in tissue lysates with and without SS. Our results 
suggest that angiogenesis and lymphangiogenesis have lit-
tle impact on the progression of this disease. Further inves-
tigation into the vasculature of SS salivary glands is 
warranted to determine if chronic hyperemia may be alter-
ing endothelial cell physiology.

Materials & Methods

Human Specimens

Frozen labial hMSG were obtained from the SICCA 
Repository, University of California, San Francisco. These 
glands were obtained by a lower lip biopsy of female 
patients with and without SS, and were frozen by snap-
freezing in liquid nitrogen. All SS participants were diag-
nosed with primary SS using the New American College of 
Rheumatology classification criteria (Shiboski et al. 2012). 

Participants who did not meet these criteria were used as 
non-SS controls. The use of the de-identified samples was 
approved by the Health Sciences Institutional Review 
Board under the exempt criterion 45 CFR 46.101(b) (4). 
Histological sections (10 μm) were prepared at The 
University at Buffalo, Histological Services, Department of 
Pathology and Anatomical Sciences. Focus scores of the 
glands can be found in Supplemental Table 1. To assure a 
proper diagnosis, an oral pathologist evaluated all biopsies 
using the 2012 American College of Rheumatology 
Classification Criteria for SS to determine the focus score 
(the number of focal mononuclear infiltrates with ≥50 
mononuclear cells per 4 mm2). Grade was determined by 
histopathologically examining the tissue and grading for 
lymphocyte infiltration (focus): grade 0, absent; grade 1, 
slight; grade 2, moderate, non-focal infiltration; grade 3, 1 
focus (> or =50 lymphocytes) per 4 mm2; grade 4, >1 focus. 
Grade 3 infiltrates correspond to a focus score of 1, which 
is one of four disease-classifying criteria acknowledged for 
diagnosis (Krenn et al. 2010; Shiboski et al. 2012). hMSG 
with a focus score of 0 were used as controls.

Western Blot Analysis

Frozen hMSG tissues were lysed using 2× Laemmli buffer 
with 10 mM dithiothreitol (DTT) and sonicated for 30 sec 
with a Fisher Scientific Sonic Dismembrator (model 
FB-120; microtip; output level, 5; duty cycle, 50%; Thermo 
Fisher Scientific, Waltham, MA) and boiled for 5 min. The 
lysates were subjected to 4% to 15% (wt/vol) SDS-PAGE 
(Bio-Rad; Hercules, CA) on mini-gels and transferred to 
nitrocellulose membranes. Membranes were blocked for 1 
hr with 3% (wt/vol) bovine serum albumin (BSA) in Tris-
buffered saline [0.137 M NaCl, 0.025 M Tris 
(hydroxymethyl)-aminomethane, pH 7.4] containing 0.1% 
(vol/vol) Tween-20 (TBST) and immunoblotted overnight 
at 4°C with rabbit-anti-human VEGF (Abcam; Cambridge, 
MA) diluted 1:500 in TBST containing 3% (wt/vol) BSA. 
After incubation, membranes were washed three times for 
20 min each with TBST and incubated with peroxidase-
linked goat-anti-rabbit IgG antibody (Cell Signaling 
Technology; Danvers, MA) diluted 1:5000 in TBST contain-
ing 3% (wt/vol) BSA at room temperature for 1 hr. The 
membranes were washed three times for 20 min each with 
TBST and treated with a Bio-Rad Clarity™ detection 
reagent (Bio-Rad). The protein bands were visualized using 
a Bio-Rad ChemiDoc™ MP imager and quantification of 
the bands was performed using Image Lab 4.1 software 
(Bio-Rad). For signal normalization, membranes were 
treated with stripping buffer (Thermo Fisher Scientific) and 
re-probed with rabbit anti-extracellular signal-regulated 
kinases 1/2 (total Erk-1/2, 1:500; Cell Signaling Technology) 
followed by incubation with peroxidase-linked goat-anti-
rabbit IgG antibody, as described above. Data were expressed 



342	 McCall and Baker

as a ratio of normalized values of VEGF band intensity to 
total Erk-1/2 band intensity.

Immunofluorescence Microscopy

Human frozen tissue sections were fixed in 4% paraformal-
dehyde for 20 min at room temperature, incubated with 
0.1% Triton X-100 in phosphate-buffered saline (PBS) for 5 
min, and then washed with PBS. Sections were then incu-
bated with 5% serum from the host of the secondary anti-
bodies (Supplemental Table 2) for 1 hr at room temperature, 
washed three times with PBS, and incubated overnight at 
4°C with primary antibodies (Supplemental Table 2). The 
next day, sections were warmed to room temperature for 20 
min and washed three times for 5 min with PBS. Then, they 
were incubated for 1 hr with secondary antibodies 
(Supplemental Table 2) and washed three times with PBS. 
Mosaic images (5×5 tiling; 0.8–0.9 cm2) were obtained 
using a Leica DMI6000B inverted microscope with attached 
Hamamatsu Orca-R2 at 40× magnification (Leica 
Microsystems; Wetzlar, Germany). These images were 
visually analyzed and compared to previous descriptions of 
the vasculature and lymphatic vessels of the major salivary 
glands (Aiyama et al. 2011; Flint 1903).

Analyses of Blood and Lymphatic Vessel Volume 
Fraction

Immunofluorescent mosaic images were analyzed using the 
ImageJ software (NIH; Bethesda, MD). In these images, 
blood vessels were identified by their expression of both 
platelet endothelial cell adhesion molecule-1 (PECAM-1) 
and von Willebrand Factor (vWF), or PECAM+/vWF+. The 
vessels were then highlighted (i.e., pixel value was set to 
maximum intensity; Supplemental Fig. 1), and processed 
by a custom application (Supplemental Text 1) to determine 
the highlighted area as a percentage of total imaged area 
[this ratio is denoted as blood vessel volume fraction (V

B
)]. 

Regions that were not salivary tissue (i.e., surrounding con-
nective tissue or areas without tissue) were set to a pixel 
intensity value of zero. These zero-intensity pixels were 
then removed from the total imaged area in the analysis 
prior to calculating the highlighted area. Similarly, lym-
phatic vessels were identified by low expression levels of 
PECAM-1 (relative to vascular PECAM-1) and expression 
of LYVE-1 (PECAM-1low/LYVE-1+), and then processed in 
the same manner as the blood vessel images to determine 
the lymphatic vessel volume fraction (V

L
).

Statistical Analyses

Data are mean ± SD of the results from three or more exper-
iments. p-values less than 0.05, calculated from a two-tailed 
t-test, are taken to represent significant differences.

Results

Expression Levels of VEGF Decrease in hMSG 
with SS

As shown in Figure 1, VEGF was expressed in both SS and 
non-SS hMSG. Surprisingly, we observed a significant 
decrease in VEGF expression levels in hMSG with SS as 
compared to non-SS (0.69 ± 0.16 vs 1.00 ± 0; p=0.027).

Blood Vessel Organization is Unchanged in SS 
hMSG

Vasculature was successfully detected by immunofluores-
cence microscopy using PECAM-1 and vWF as molecular 
markers. The ducts of the hMSG were encased in numerous 
capillaries, often observed with at least one larger vessel 
nearby (Fig. 2; yellow arrows). Acinar regions contained 
primarily small caliber vasculature (less than 15 µm) dif-
fused throughout the area (Fig. 2; white outline). We also 
found numerous vessels in the connective tissue and capsule 
of both hMSG with and without SS (Supplemental Fig. 2). 
Large lymphocytic foci in SS hMSG were often found to be 
peri-ductal (Fig. 3), as previously reported (Fox and Speight 
1996). The vasculature surrounding the ducts in inflamma-
tory infiltrates appeared similar (i.e., same approximate size 

Figure 1.  Vascular endothelial growth factor (VEGF) expression 
was significantly decreased in human minor salivary glands 
with Sjögren’s syndrome (SS) as compared to controls. Frozen 
human minor salivary glands were lysed and protein expression 
was determined by western blot analysis for VEGF and total 
Erk1/2. Data are expressed as a ratio of VEGF to total Erk1/2 
and further normalized to control samples (n=3), where *p<0.05 
indicates significant differences from control glands. Results from 
a representative experiment are shown.
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and distribution) to the vasculature around ducts in regions 
without infiltrates and in control glands. Whereas regions of 
inflammatory infiltrates had no directly comparable region 
in a control hMSG, they contained sparse small caliber vas-
culature, similar to acinar regions. It is important to con-
sider that the appearance of the vasculature organization in 
the images is dependent on the orientation of the salivary 
structures relative to the cross-sectional plane (ducts and 
vasculature that are parallel to the cross-section are going to 
appear larger).

Lymphatic Vessel Organization is Unchanged in 
SS hMSG

Lymphatic vessels were successfully detected using 
PECAM-1low and LYVE-1+ as molecular markers. No lym-
phatic vessels were found within acinar regions in SS or 
non-SS salivary glands (Fig. 4). We were able to identify 
connective tissues by differential interference contrast 
(DIC) microscopy (Supplemental Fig. 3). The connective 
tissues identified contained a mixture of blood and lym-
phatic vessels running alongside the edge of the gland and 

lobes (Fig. 4), often running parallel to ducts. Regions of 
inflammatory infiltrates in SS hMSG did not contain any 
lymphatic vessels (Supplemental Fig. 4).

Vascular and Lymphatic Volume Fraction is 
Unchanged in SS hMSG

Blood vessels in hMSG were identified by immunofluores-
cence microscopy using PECAM-1 and vWF as molecular 
markers; this allowed us to perform a volumetric analysis, 
as described in the Materials & Methods. As shown in 
Figure 5, V

B
 in hMSG with SS was not significantly differ-

ent as compared with controls (3.06 ± 0.55 vs 4.00 ± 1.79; 
p=0.221). This result was independent of the salivary gland 
focus score. We also determined whether V

L
 was altered, 

with LYVE-1 used as a marker followed by volumetric 
analysis, as described in the Materials & Methods. The 
results were similar to what we observed for blood vessels, 
as there were no significant differences in V

L
 in hMSG with 

SS as compared with controls (Fig. 5; 0.44 ± 0.51 vs 0.27 ± 
0.25, p=0.481). Please note that the images in Figures 2–4 
were selected for their depiction of hMSG blood and lymph 

Figure 2.  Blood vessel organization did not appear to be different between non-Sjögren’s syndrome (A) and Sjögren’s syndrome (B) 
human minor salivary glands. Five-µm frozen human minor salivary gland tissue sections were fixed as described in the Materials & 
Methods. Expression of PECAM-1 and von Willebrand factor was detected using immunofluorescence microscopy, as follows: mouse-
anti-PECAM-1 (red); rabbit-anti-von Willebrand factor (green) and Hoechst nuclear stain (blue). Stained structures (red and green) 
correspond to salivary gland vasculature. White outlines differentiate acinar regions and yellow arrows indicate ductal structures. The 
x–y cross section images were obtained using a Leica DMI6000B inverted fluorescence microscope. Images are representative of n=6 
experiments. Scale,100 µm.
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vessel organization, and do not necessarily reflect the vol-
ume fraction.

Discussion

The vasculature of the salivary glands plays a critical role in 
proper saliva secretion (Smaje and Gamble 1987; Thakor et 
al. 2003). Analyzing the changes that occur to the blood 
vessels during the progression of SS could help us under-
stand why these individuals exhibit hyposalivation. This 
study attempts to evaluate the presence and degree of angio-
genesis as an initial step into looking at possible vascular 
changes in SS.

The growth factor VEGF is critical for angiogenesis 
given its role in blood vessel growth and remodeling 
(Carmeliet 2005). However, few studies of VEGF levels in 
patients with SS have been found in the literature. One 
study found that VEGF levels in serum from SS patients 
were not significantly different from that of controls 
(Szodoray et al. 2004). Another study using immunohisto-
chemistry showed that VEGF levels appeared upregulated 
in hMSG with SS (Sisto et al. 2012); however, this analysis 

was not quantitative. Using western blot pixel density anal-
ysis, our results suggest lower expression levels of VEGF in 
hMSG with SS as compared with controls (Fig. 1). Our 
results may contrast with the two previous studies due to 
differences in methodology. Specifically, Szodoray et al. 
(2004) performed microarrays to analyze serum cytokine 
levels, which could be influenced more heavily by VEGF 
originating from other regions of the body, whereas Sisto et 
al. (2012) used immunohistochemistry to suggest qualita-
tive differences in VEGF expression levels in SS tissue 
biopsies. Both of these studies employed different classifi-
cation criteria for SS diagnosis than that used in our study. 
These results suggest that blood vessel growth and remod-
eling may not be occurring in salivary glands with SS. 
Despite these findings, other signaling molecules (such as 
interleukins and other pro-inflammatory cytokines) have 
been shown to influence the process of angiogenesis, and 
may be playing a role (Carmeliet 2003).

SS patients show increased expression levels of many 
pro-inflammatory cytokines, including interferon (IFN)-γ, 
interleukin (IL)-1β, IL-2, IL-4, IL-5, IL-10, IL-17, IFN-γ-
inducible protein-10 (IP-10), and tumor necrosis factor 

Figure 3.  PECAM-1 is variably expressed on the inflammatory infiltrates of human minor salivary glands. Five-µm frozen Sjögren’s 
syndrome human minor salivary gland tissue sections were fixed as described in the Materials & Methods. Expression of PECAM-1 and 
von Willebrand factor was detected using immunofluorescence microscopy, as follows: mouse-anti-PECAM-1 (red); rabbit-anti-von 
Willebrand factor (green) and Hoechst nuclear stain (blue). Stained structures (red and green) correspond to salivary gland vasculature. 
The x–y cross section images were obtained using a Leica DMI6000B inverted fluorescence microscope. Presence of PECAM-1 on 
inflammatory infiltrates was variable, with some infiltrates expressing PECAM-1 (A), and other infiltrates not expressing it (B). PECAM-1 
and von Willebrand factor were both expressed on blood vessels (A, B). Scale, 50 µm.
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(TNF)-α (Moriyama et al. 2012; Szodoray et al. 2004). 
Several of these cytokines exhibit pro-angiogenic effects 
(IL-1β, IL-2, IL-17, and low levels of TNF-α) (Bae et al. 
2008; Fajardo et al. 1992; Numasaki et al. 2003; Rosell et 
al. 2009); however, many others display anti-angiogenic 
effects (IFN-γ, IL-4, IL-10, IP-10, and high levels of TNF- 
α) (Angiolillo et al. 1995; Fajardo et al. 1992; Kohno et al. 
2003; Lee et al. 2002; Sato et al. 1990). Given this very 
complex regulatory network for the process of angiogene-
sis, we felt that analyzing the effects of this process would 
better determine the presence or absence of angiogenesis in 
salivary glands with SS.

To elucidate whether angiogenesis is occurring in sali-
vary glands with SS, we examined changes in the vascular 
organization of hMSG. The vascular organization of the 
salivary glands has been previously examined (Flint 1903; 
Lung 1993; Ohtani et al. 1983; Rossi-Schneider et al. 2008; 
Xu et al. 2011). Although all of the studies had similar find-
ings, the most thorough explanation of the vascular organi-
zation in salivary glands was provided by Flint (1903). This 
study analyzed the complete vascular structure of the sub-
mandibular gland (SMG) and found that the submandibular 
artery enters the gland at the hilus, converging with the 

excretory duct. The vasculature then parallels the ducts of 
the SMG, branching in conjunction with the ducts until it 
reaches the acini, where it wraps around them as capillaries 
(Flint 1903). These capillaries coalesce into venules, which 
follow the same path as the arteries back down the hilus 
(Flint 1903). The mesh of capillaries surrounding the acini 
is often connected to that of adjacent acini, forming a con-
nected network within a single lobe (Flint 1903). In addi-
tion to the meshwork of the acinar region, there are 
capillaries that surround the ducts of the salivary gland. 
These capillaries originate from the accompanying artery or 
arteriole, wrap around the ducts as a mesh and connect to 
the retrograde vein or venule (Flint 1903). This patterned 
network also connects to vasculature in the interlobular 
regions, and to the network of vessels surrounding the cap-
sule of the salivary gland (Flint 1903). In short, blood ves-
sels parallel the majority of the ducts of the SMG and encase 
the acini. We believe a similar pattern might be true for the 
hMSG, although no previous studies on this vascular orga-
nization were found.

The vascular organization observed in hMSG with and 
without SS (Fig. 2) appeared similar to each other and to the 
pattern described previously for the SMG (Flint 1903). One 

Figure 4.  Lymphatic vessel organization did not appear to be different between non-Sjögren’s syndrome (A) and Sjögren’s syndrome 
(B) human minor salivary glands. Five-µm frozen human minor salivary gland tissue sections were fixed as described in the Materials & 
Methods. Expression of PECAM-1 and LYVE-1 was detected using immunofluorescence microscopy, as follows: mouse-anti-PECAM-1 
(red); goat-anti-LYVE-1 (green) and Hoechst nuclear stain (blue). Stained structures (green) correspond to salivary gland lymphatic 
vessels. White outlines differentiate acinar regions and yellow arrows indicate ductal structures. The x–y cross section images were 
obtained using a Leica DMI6000B inverted fluorescence microscope. Images are representative of n=6 experiments. Scale, 100 µm.
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potential difference is that the networks of capillaries in the 
acinar region of hMSG from both SS and non-SS patients in 
this study were more sparse than anticipated given the 
description of the SMG vasculature. However, given the 
qualitative nature of the descriptions provided in previous 
text (Flint 1903), it is difficult to make direct comparisons. 
These results suggest that no vascular re-organization 
occurs in hMSG with SS.

We also studied the lymph vessel organization of the 
hMSG, which helped us to evaluate if lymphangiogenesis 
was occurring in SS. A previous study of the rat major sali-
vary glands and a study of the human parotid gland deter-
mined that lymphatic vessels are absent from acinar regions 
(Aiyama et al. 2011; Marchetti et al. 1989). Lymphatic ves-
sels were only found in the interlobular connective tissue, 
paralleling the ducts, and within the capsules of the salivary 
glands (Aiyama et al. 2011; Marchetti et al. 1989). Similarly, 
we found that the lymphatic vessels of both hMSG with and 

without SS were only present in the connective tissue, either 
within the gland, or in the capsule (Fig. 4). This suggests 
that lymphatic vessel re-organization is not occurring in 
hMSG with SS.

Blood and lymphatic vessel organization alone may not 
indicate angiogenesis or lymphangiogenesis. Therefore, we 
quantified the blood and lymphatic vessel volume fraction 
in hMSG with and without SS. Given that the blood vessels 
of the salivary glands are relatively homogenous and ran-
domly oriented with respect to the cross-sectional plane 
(Clough and Smaje 1984; Flint 1903), these analyses should 
reflect the volume fraction of the vessels within the salivary 
gland (Gundersen et al. 1988; Weibel 1979). We found that 
there were no significant differences between hMSG with 
and without SS in either blood or lymphatic vessel volume 
fraction (Fig. 5). Additionally, the values we obtained are 
consistent with a previous study on volume fraction in the 
hMSG of healthy subjects (Vered et al. 2000). These results 
suggest that the blood and lymphatic vessels of hMSG with 
SS do not increase in diameter and number.

Given our results showing decreased VEGF expression 
levels along with similar blood and lymphatic vessel orga-
nization and volume fraction, it is possible that angiogene-
sis and lymphangiogenesis do not play a significant role in 
the progression of SS. This conclusion contrasts with previ-
ous results, which stated that angiogenesis was occurring in 
salivary glands with SS (Sisto et al. 2014). This difference 
could be attributed to the sole use of PECAM-1 as a marker 
for endothelial cells, which does not take into account that 
the inflammatory infiltrates of the salivary glands also 
express PECAM-1 (Sisto et al. 2014). In fact, we found that 
many inflammatory infiltrates expressed PECAM-1 (Fig. 
3), in agreement with previous studies (Muller et al. 1993; 
Privratsky et al. 2010; Woodfin et al. 2007), indicating the 
need for a second marker for endothelial cells. Thus, we 
used vWF as a secondary marker of endothelial cells for all 
analyses to avoid miscategorizing leukocytes as endothelial 
cells.

Previous studies have demonstrated increased blood 
flow to the salivary glands of SS patients (Chikui et al. 
2000; Steiner et al. 1994). This may seem counterintuitive 
as, typically, blood vessel dilation and remodeling accom-
panies chronic increases in blood flow (Carmeliet 2005). 
However, a dramatic increase in blood flow (~20×) was 
observed during saliva secretion in healthy rabbits (Smaje 
and Gamble 1987). Therefore, salivary glands may have the 
capacity to facilitate the hyperemia observed in SS patients 
without any associated angiogenesis.

In summary, neither signs of angiogenesis nor lymphan-
giogenesis are apparent in hMSG with SS. However, other 
changes to the endothelium could be occurring that may 
impact the process of saliva secretion. In particular, the fil-
tration of plasma into the interstitial fluid is critical for nor-
mal continuous saliva secretion (Smaje 1998). Future studies 

Figure 5.  Blood (A) and lymphatic (B) vessel coverage was 
not significantly different between non-Sjögren’s syndrome and 
Sjögren’s syndrome human minor salivary glands. Mosaic images, 
as illustrated in Figs. 2 and 3, were quantified for blood and 
lymphatic vessel volume fraction as described in the Materials & 
Methods. Data are expressed as a ratio of blood or lymphatic 
vessel volume fraction and expressed as the mean ± S.D. (n=6).
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analyzing the endothelium in more detail could greatly 
improve our understanding of SS.
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