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Microvascular dysfunction plays a fundamental role in the pathogenesis of salivary gland
disorders. Restoring and preserving microvascular integrity might therefore represent a
promising strategy for the treatment of these pathologies. The mechanisms underlying
microvascular dysfunction in salivary glands, however, are still obscure, partly due to the
unavailability of adequate in vivomodels. Here, we present a novel experimental approach
that allows comprehensive in vivo analyses of the salivary gland microvasculature in mice.
For this purpose, we employed different microscopy techniques including multi-photon in
vivomicroscopy to quantitatively analyze interactions of distinct immune cell subsets in the
submandibular gland microvasculature required for their infiltration into the surrounding
parenchyma and their effects on microvascular function. Confocal microscopy and multi-
channel flow cytometry in tissue sections/homogenates complemented these real-time
analyses by determining the molecular phenotype of the participating cells. To this end, we
identified key adhesion and signaling molecules that regulate the subset- and tissue-
specific trafficking of leukocytes into inflamed glands and control the associated
microvascular leakage. Hence, we established an experimental approach that allows in
vivo analyses of microvascular processes in healthy and diseased salivary glands. This
enables us to delineate distinct pathogenetic factors as novel therapeutic targets in
salivary gland diseases.

Keywords: salivary gland, in vivo imaging, microcirculation, leukocyte trafficking, microvascular permeability,
inflammation, immunology
INTRODUCTION

Saliva is an extracellular fluid produced in the head and neck by the paired parotid, submandibular,
and sublingual glands as well as by minor salivary glands in the mucosa of lips, tongue, oral cavity,
and pharynx (1). A network of tubes and secretory units enables these organs to transport saliva into
the oral cavity and pharyngeal tract, which is essential for nutrition (e.g., food digestion, lubrication,
and taste) and host defense (as an integral component of the unspecific immune system) (2).
Disorders of the salivary glands are based on immunological, bacterial, viral, neoplastic, and
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iatrogenic etiologies. Importantly, however, these pathologies are
all related to inflammatory conditions arising from
microvascular dysfunction (3–6).

Upon microvascular injury, white blood cells (leukocytes)
start to roll on the luminal aspect of microvascular endothelial
cells before they firmly adhere to it and crawl to suitable sites for
extravasation. Subsequently, these immune cells pass the
endothelial barrier, breach the perivascular basement
membrane, and subendothelially locomote through gaps
between pericytes to finally migrate through the interstitial
tissue to their target destination (7, 8). Neutrophils generally
constitute the first leukocyte subset to infiltrate the perivascular
tissue, paving the way for other immune cells such as monocytes
and lymphocytes (9). The extravasation of leukocytes is
associated with enhanced microvascular permeability, which
leads to edema formation, reduced oxygenation, and
remodeling of the underlying tissue, thus representing
hallmarks of the inflammatory response (10). These
microvascular processes are critically regulated by parenchymal
sentinel cells such as tissue-resident macrophages (TRMs), which
maintain microvascular homeostasis in intact and inflamed
salivary glands (7, 8, 11–13).

Noteworthy, leukocyte trafficking is highly subset-, tissue-,
and stimulus-specific. In many tissues, intravascular rolling of
leukocytes is a prerequisite for their subsequent extravasation to
the perivascular space. In hepatic sinusoids, renal glomeruli, and
central nervous system microvessels, however, immune cells are
able to adhere without the need for such loose endothelial cell
interactions (14–18). In addition, whereas immune cells use the
paracellular route (between endothelial cells) to overcome
the endothelial barrier in most tissues, they are supposed to
use the transcellular transmigration route in the brain by directly
penetrating the endothelial cell body (7, 8). On molecular level,
specificity in leukocyte extravasation under certain inflammatory
conditions and/or in selected tissues can be explained—at least in
part—by differential employment of distinct adhesion/signaling
molecules and proteases (e.g., CD62P/P-selectin, CD62E/E-
selectin, CD31/PECAM-1, JAM-A, JAM-C, neutrophil elastase,
or MMP-9) (19–22). Similarly, the mechanisms regulating
microvascular permeability are highly tissue-specific: Mirrored
by the differences in their microarchitecture and function, the
blood-brain barrier (BBB), for example, is tightly sealed to
provide protection, whereas the microvasculature of liver and
hormone-synthesizing tissues exhibits relatively large endothelial
gaps to allow the release of their products into the systemic
circulation (10, 23). In salivary glands, however, the mechanisms
under ly ing the tra fficking of leukocytes f rom the
microvasculature to the perivascular tissue as well as the
regulation of microvascular permeability remain obscure.
MATERIALS AND METHODS

Animals
Male wild-type (WT) C57BL/6NCrl mice were purchased from
Charles River (Sulzfeld, Germany). The experiments of this study
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were performed with mice at the age of 10 - 15 weeks. Animals
were housed under conventional conditions, including food
(ssniff, Soest, Germany) and water ad libitum.

Anesthesia Protocol
Mice were anesthetized using a mixture of ketamine (100 mg/kg
body weight) and xylazine (10 mg/kg body weight) administered
via intraperitoneal (i.p.) injection. Anesthesia was maintained by
further i.p. injections of ketamine (100 mg/kg body weight).

Surgical Implantation of a Catheter
in the Left Femoral Artery
In a first step, mice were anesthetized as described above.
Subsequently, the anterior skin of the left leg was incised
horizontally, the left femoral artery was cannulated in a
retrograde manner and a catheter was implanted for
administration of antibodies or further reagents, as described
elsewhere in detail (24).

Surgical Preparation of the Submandibular
Gland
Anaesthetized mice were cautiously fixed on a custom-built
heating plate before the skin of the anterior neck region was
disinfected. First, the subcutaneous connective tissue covering
the left submandibular gland (synonyms in veterinary anatomy:
mandibular gland or submaxillary gland) was exposed via a
paramedian cervical skin incision. Subsequently, the connective
tissue around the left submandibular gland together with the
thymus, lymph nodes, and the sublingual gland were carefully
detached. For leukocyte trafficking analysis, the internal section
embedding the postcapillary venules was exposed by very
cautious separation of the salivary gland lobules. The
submandibular gland was afterwards placed on a custom-build
stage for microscopy as illustrated (Figure 3) to stabilize the
salivary gland as well as the surgical window to the
microcirculation segment of the living organism as a
prerequisite for in vivo imaging. Throughout the surgical
procedure as well as for in vivo imaging, the submandibular
gland was superfused by warm buffered saline.

Quantification of Leukocyte Subsets
in the Submandibular Gland Homogenates
by Multi-Channel Flow Cytometry
In anaesthetized mice, the left submandibular gland was exposed
and treated according to the respective experimental protocol. The
murine circulation was then cleared from blood by intracardial
injection of 10 ml saline (after cutting the vena cava for drainage).
Finally, the animal was euthanized by cervical dislocation. The
salivary gland was then homogenized and the numbers of
neutrophils, classical monocytes/monocyte-derived macrophages,
non-classical monocytes/tissue-resident macrophages, CD4+ T
lymphocytes, CD8+ T lymphocytes, and B lymphocytes were
analyzed in the cell samples by an automated cell counter in
combination with multi-channel flow cytometry (Gallios,
Beckman Coulter Inc, Brea, California USA). Myeloid leukocytes
were identified as CD45pos CD11bpos cells, which were further
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differentiated into neutrophils (GR-1high, CD115neg cells), classical
monocytes/monocyte-derived macrophages (GR-1high, CD115pos

cells), and non-classical monocytes/tissue-resident macrophages
(GR-1low, CD115pos cells). Non-myeloid leukocytes (CD45pos

CD11bneg cells) were then discriminated into CD4+ T
lymphocytes (CD4pos), CD8+ T lymphocytes (CD8apos), and B
lymphocytes (CD19pos), as described elsewhere (25, 26).

Immunohistochemistry
In anaesthetized mice, the left submandibular gland was exposed
and treated according to the respective experimental protocol.
Harvested submandibular glands were embedded in OCT
(TissueTec) and frozen, before they were sectioned (thickness of
10 mm) on a cryostat (Leica). Sections were fixed in methanol,
incubated with Alexa-Fluor 633 labeled antibody against CD31/
PECAM-1 as well as one of the following antibodies each: R-PE
labeled antibodies against CD62P/P-selectin, CD54/ICAM-1, or
CD106/VCAM-1 overnight at 4°C. The sections were then
imaged using a Leica SP5 confocal laser-scanning microscope
(Leica Microsys-tems, Wetzlar, Germany) with an oil-immersion
lens (Leica; 63x; NA 1.40), as described elsewhere (27). Confocal z-
stacks of 10 μm (z-spacing 0.5mm) were acquired. To determine the
expression of the adhesion and signaling molecules on the
microvascular endothelium (identified by the CD31/PECAM-1
expression), the fluorescence levels of the R-PE labeled antibodies
were analyzed offline in Z-projections of the stacks using the
software Fiji (distribution of the software ImageJ) (28).
In Vivo Epifluorescence Microscopy
(Leukocyte Trafficking)
In anaesthetized mice, the left submandibular gland was exposed
and treated according to the respective experimental protocol. In
order to analyze leukocyte trafficking in the submandibular
gland, imaging of the postcapillary venule section in the
salivary gland was a prerequisite, as mentioned above.

The setup for in vivo microscopy was centered around an
Axio Scope.A1 microscope equipped with a Colibiri 2 LED light
source (Carl Zeiss Microscopy GmbH, Göttingen, Germany) for
fluorescence epi-illumination microscopy, as described earlier
(26). The vasculature in the submandibular gland was visualized
by systemic administration of high-molecular Fluorescein
isothiocyanate (FITC) dextran (average mol wt 2,000,000;
Sigma-Aldrich, Taufkirchen, Germany). To differentiate
neutrophils (GR-1high, CD115neg) from classical (GR-1high,
CD115pos) and non-classical monocytes (GR-1low, CD115pos),
intravascular leukocytes were labeled via systemic administration
of fluorescently labeled monoclonal antibodies against mouse
GR-1 (clone RB6-8C5) and mouse CD115 (CSF-1R; clone
AFS98). LED-light was used for excitation (470 nm, 555 nm,
and 625 nm) and a QUAD filter set (QUAD DAPI (4′,6-
diamidino-2-phenylindole)/FITC/Cy3/Cy5 sbx HC Filterset;
AHF Analysentechnik AG, Tübingen, Germany) was employed
for discrimination of the fluorescent emissions.

The software Fiji (distribution of the software ImageJ) was
used for offline analysis of the images and videos recorded during
Frontiers in Immunology | www.frontiersin.org 3
microscopy to quantify leukocyte trafficking (28). Leukocytes
were identified by their fluorescence signal (see above). Rolling
leukocytes were defined as cells moving slower than the
intravascular blood flow and quantified as rolling cells passing
a defined vessel section within 60 s. Rolling velocity was
calculated by measuring the distance covered by endothelially
rolling leukocytes within 10 s. Firmly adherent leukocytes were
determined as those cells resting in the associated blood flow for
more than 30 s at the length of 100 μm as related to the luminal
surface of the vessel during 60 s.

In Vivo Multi-Photon Microscopy
(Microvascular Permeability)
In anaesthetized mice, the left submandibular gland was exposed
and treated according to the respective experimental protocol.
Microvascular permeability was determined by measuring
microvascular extravasation of the macromolecule FITC
dextran (MW 500,000, Sigma Aldrich) , which was
administered via an intraarterial catheter (4 ml per kg body
weight of 50 mg FITC dextran diluted in 1 ml saline) and
investigated 30 min later in six microvascular segments with
venules of the submandibular gland. An upright TriMScope
multi-photon microscope (LaVisionBiotec, Bielefeld, Germany)
in combination with an Olympus XLUMP-lanFl 20×/0.95 W
dipping objective was used for imaging of the submandibular
gland similar as described elsewhere in detail (24). FITC-labeled
dextran (average mol wt 500,000; Sigma-Aldrich, Taufkirchen,
Germany) was excited by the pulsed laser at the wavelength of
800 nm and its fluorescence signal was detected at the
wavelength range of 525 ± 25 nm. Mean gray values of the
fluorescent signal of the FITC dextran were measured by digital
image analysis (Fiji software/ImageJ distribution) in six
randomly selected regions of interest (ROIs; 50x50 mm²) in the
perivascular tissue of each microvascular segment, which were
localized 25 mm distant from the postcapillary venule under
investigation (28). Afterwards, the average of the mean gray
values of the different segments was calculated.

Experimental Groups
Animals were assigned randomly to the following groups: In a
first set of experiments, trafficking of leukocytes (n = 6) and/or
endothelial expression profiles of distinct adhesion and signaling
molecules (n = 4) were analyzed in submandibular glands of
wildtype mice, which were either superfused with tumor necrosis
factor (TNF) in saline (1 μg/ml or 0.5 ng/ml) or saline only. In
addition, the single steps of the leukocyte extravasation cascade
were examined for neutrophils and classical monocytes similarly
in submandibular glands of WT mice superfused with tumor
necrosis factor (TNF) in saline (1 μg/ml) or saline only. The
mechanisms were further characterized in TNF-stimulated
submandibular glands of WT mice treated systemically either
with a blocking anti-CD62P/P-selectin-antibody (50 μg), a
blocking anti-CD54/ICAM-1-antibody (50 μg), a depleting
anti-Ly6G-antibody (neutrophil depletion; 2x 50 μg), or the
respective isotype controls (50 μg; n = 4–6). In further
experiments, microvascular permeability was studied in
February 2021 | Volume 11 | Article 604470
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submandibular glands superfused with TNF in saline (1 μg/ml)
or saline only of WTmice receiving either a depleting anti-Ly6G-
antibody (neutrophil depletion; 2x 50 μg) or the respective
isotype controls (2x 50 μg; n = 6). The experiments were
performed during working hours between 8:00 a.m. and 6:00
p.m in the operating room of the institute.

Experimental Protocols
To study the TNF-mediated trafficking of different leukocyte
subpopulations or microvascular permeability, submandibular
glands of anesthetized WT mice receiving distinct blocking,
depleting, or isotype control antibodies according to the
respective experimental group were superfused with TNF in
saline (1 μg/ml) or saline only for 5 h. In one group of
experiments, submandibular glands were homogenized to
determine the cell numbers of different leukocyte subsets
recruited to the organ via an automated cell counter (ProCyte
Dx Hematology Analyzer, IDEXX Laboratories, Inc., Maine,
USA) and multi-channel flow cytometry. In a further
experimental group, the single steps of the leukocyte
recruitment cascade were analyzed by epifluorescence in vivo
microscopy of submandibular glands in mice, which received
fluorescence-labeled antibodies via the tail vein for the
differentiation of neutrophils, classical and non-classical
monocytes 10 min prior to imaging. In another set of
experiments, the extravasation of systemically administered
Alexa Fluor 488-labeled dextran (500.000 Da) was assessed
30 min after i.v. injection via multi-photon in vivo fluorescence
microscopy in the perivascular tissue of salivary glands as a
parameter for microvascular permeability.

Inhibitors and Antibodies
For stimulation of submandibular glands, recombinant mouse
TNF protein (aa 80–235; R&D Systems, Minneapolis, USA)
was used.

To differentiate the recruited leukocyte subsets via flow
cytometry, the following fluorescently labeled antibodies were
used: APC/Cyanine7 monoclonal anti-mouse anti-CD45 antibody
(clone: 30-F11; BioLegend, San Diego, USA), FITC monoclonal
anti-mouse anti-CD11b antibody (clone: M1/70; Biolegend, San
Diego, USA), PE monoclonal anti-mouse Ly-6G/Ly-6C (GR-1)
antibody (clone: RB6-8C5; Biolegend, San Diego, USA),
eFluor450 monoclonal anti-mouse anti-F4/80 antibody (clone:
BM8, ThermoFisher Scientific, Waltham, USA), PerCP-
Cyanine5.5 monoclonal anti-mouse anti-CD19 antibody (clone:
eBio1D3 (1D3), ThermoFisher Scientific, Waltham, USA), Alexa
Fluor 700 monoclonal anti-mouse anti-CD4 antibody (clone:
GK1.5, ThermoFisher Scientific, Waltham, USA), and PE-
Cyanine7 monoclonal anti-mouse anti-CD8a antibody (clone: 53-
6.7, ThermoFisher Scientific, Waltham, USA).

In the in vivo model, an Alexa Fluor® 594 monoclonal anti-
mouse CD115 (CSF-1R) antibody (clone: AFS98; BioLegend, San
Diego, USA) and an Alexa Fluor® 647 monoclonal anti-mouse
Ly-6G/Ly-6C (Gr-1) antibody (clone: RB6-8C5; BioLegend, San
Diego, USA) were employed to identify neutrophils as well as
classical and non-classical monocytes. FITC dextran (average
Frontiers in Immunology | www.frontiersin.org 4
mol wt 2,000,000; Sigma-Aldrich, Taufkirchen, Germany) was
used to visualize the microvessels in the salivary gland.

Multi-photon microscopy was employed on submandibular
glands of mice after systemic administration of FITC dextran
(average mol wt 500,000; Sigma-Aldrich, Taufkirchen, Germany)
to examine the microvascular permeability.

A purified blocking monoclonal anti-mouse anti-CD54
antibody (clone: YN1/1.7.4; BioLegend, San Diego, USA) and a
purified blocking monocloncal anti-mouse/rat anti-CD62P/P-
selectin Antibody (clone: RMP-1, BioLegend, San Diego, USA)
were administered systemically to block the respective receptors.
Depletion of neutrophils in mice in vivo (Supplementary
Figure 2) was achieved by systemic administration of a
depleting monoclonal anti-mouse anti-Ly6G-antibody (clone:
1A8; Bio X Cell, West Lebanon, USA).

In the immunohistochemistry assay, the following antibodies
were used: An Alexa-Fluor 633 labeled monoclonal anti-mouse
anti-CD31/PECAM-1 antibody (clone MEC13.3, Biolegend, San
Diego, USA) for detection of the microvascular endothelium. Co-
Staining with a R-phycoerythrin labeled monoclonal anti-mouse
anti-CD62P/P-selectin antibody (clone RMP-1, Biolegend, San
Diego, USA), a R-phycoerythrin labeled monoclonal anti-mouse
anti-CD54/ICAM-1 antibody (clone YN1/1.7.4, Biolegend, San
Diego, USA), or a R-phycoerythrin labeled monoclonal anti-
mouse anti-CD106/VCAM-1 antibody (clone 429, Biolegend, San
Diego, USA) allowed the analysis of the endothelial expression on
microvessels in the submandibular glands.

Statistics
Data analysis was performed with a statistical software package
(SigmaPlot; Systat Software GmbH, Erkrath, Germany)
employing the Mann-Whitney rank-sum test (two groups) or
analysis of variance on ranks test, followed by the Dunnett test
(>2 groups) for the estimation of stochastic probability in
intergroup comparisons. Mean values and standard error of
the mean are given. P values < 0.05 were considered significant.

Study Approval
All animal experiments were approved by the local governmental
authorities (Government of Upper Bavaria; “Regierung von
Oberbayern”) and conducted according to the guidelines to
ensure animal welfare. The manuscript follows the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines
for reporting on animal studies.
RESULTS

TNF Promotes Subset-Specific Leukocyte
Trafficking to Salivary Glands
Leukocyte recruitment from the microvasculature to the
perivascular tissue is a key event in the inflammatory response (7,
8). In a first set of experiments, we therefore sought to analyze the
trafficking of major leukocyte subsets including neutrophils, classical
monocytes and non-classical monocytes, CD4+ and CD8+ T
lymphocytes, as well as B lymphocytes to mouse submandibular
February 2021 | Volume 11 | Article 604470

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Uhl et al. Salivary Gland Microvasculature In Vivo Imaging
glands under homeostatic and inflammatory conditions. TNF
(Tumor necrosis factor) was used as an inflammatory stimulus
since it represents one of the most prominent pro-inflammatory
cytokines present in various inflammatory disorders including
salivary gland pathologies (29, 30). In gland homogenates of
unstimulated animals (superfused with saline only), low numbers
of neutrophils, classical monocytes/monocyte-derived macrophages
(MDMs), CD4+ T lymphocytes, CD8+ T lymphocytes, and B
lymphocytes were found by multi-channel flow cytometry,
whereas numbers of non-classical monocytes/tissue-resident
macrophages (TRMs) were significantly higher (Figures 1A, B;
n = 6). Superfusion of the glands with TNF in a very low dose of 0.5
ng per ml saline, which is comparable to TNF levels in blood or
saliva of humans with chronically inflamed salivary glands (31), did
not significantly alter the number of leukocytes in homogenized
submandibular glands (Supplementary Figure 1, n = 6). In
contrast, superfusion with TNF in the dose of 1 μg per ml saline,
a dose employed for analyzing the effect of TNF on leukocyte
trafficking in various organmodels (32–34), predominantly induced
infiltration of neutrophils and classical monocytes/monocyte-
derived macrophages to the inflamed tissue, whereas the numbers
of non-classical monocytes/tissue-resident macrophages, CD4+ and
CD8+ T lymphocytes, or B lymphocytes remained unaltered
(Figure 1B; n = 6). In line with a previous study (35), these dose-
dependent effects of TNF indicate that saliva or systemic blood
levels of the TNF protein do not directly mirror (local)
intraparenchymal TNF protein levels required for the induction
of microvascular inflammatory processes such as leukocyte
trafficking. Thus, TNF dose-dependently promotes the
recruitment of neutrophils and classical monocytes/monocyte-
derived macrophages to salivary glands.

TNF Induces the Expression of Distinct
Adhesion and Signaling Molecules on the
Microvascular Endothelium of Salivary
Glands
Extravasation of leukocytes is mediated by interactions of distinct
adhesion and signaling molecules on leukocytes and the
microvascular endothelium. Importantly, these molecular
Frontiers in Immunology | www.frontiersin.org 5
signatures on endothelial cells are highly tissue-specific (8, 19, 22).
To evaluate the expression of key adhesion and signaling molecules
on the microvascular endothelium of salivary glands, we performed
immunostaining and confocal microscopy analyses of gland
cryosections. In unstimulated animals, surface expression of
CD62P/P-selectin, CD54/ICAM-1, or CD106/VCAM-1 was low
on CD31/PECAM-1-positive microvascular endothelial cells. In
contrast, stimulation with TNF induced a significant increase in
the endothelial expression of CD62P/P-selectin and CD54/ICAM-1
as compared to controls, whereas the endothelial expression of
CD106/VCAM-1 remained unchanged (Figures 2A, B; n = 4). Our
results corroborate previous findings demonstrating a
multiplication of the expression levels of CD62P/P-selectin or
CD54/ICAM-1 after 5 h of TNF stimulation in different organs
(36). Hence, TNF induces the expression of distinct adhesion and
signaling molecules in the salivary gland microvasculature.
TNF Promotes the Trafficking of
Neutrophils and Classical Monocytes/
Monocyte-Derived Macrophages to
Salivary Glands via CD62P/P-Selectin
and CD54/ICAM-1
Since TNF increased the expression of CD62P/P-selectin and
CD54/ICAM-1 on the microvascular endothelium, we
hypothesized that these molecules are functionally relevant for the
trafficking of neutrophils and classical monocytes/monocyte-
derived macrophages to submandibular glands. Confirming this
hypothesis, antibody-blockade of CD62P/P-selectin or CD54/
ICAM-1 significantly reduced the TNF-elicited recruitment of
neutrophils and classical monocytes/monocyte-derived
macrophages to salivary glands as compared to isotype control
antibody-treated animals. Specifically, the reduction in these
myeloid leukocyte responses was significantly more pronounced
upon blockade of CD54/ICAM-1 than upon blockade of CD62P/P-
selectin (Figure 2C; n = 6), indicating that TNF involves particularly
CD54/ICAM-1 and—to a lesser extent—CD62P/P-selectin to
promote the trafficking of neutrophils and classical monocytes/
monocyte-derived macrophages to salivary glands.
A B

FIGURE 1 | Trafficking of leukocytes into the inflamed submandibular gland. (A) The gating strategy for the differentiation of neutrophils, classical monocytes
(cMOs)/monocyte-derived macrophages (MDMs) and non-classical monocytes (ncMOs)/tissue-resident macrophages (TRMs), CD4+ and CD8+ T lymphocytes, as
well as B lymphocytes in homogenates of murine submandibular glands in multi-channel flow cytometry analyses. (B) Quantitative data on the recruitment of these
leukocyte subsets into submandibular glands upon superfusion with recombinant mouse TNF (1 µg/ml; 5 h) or saline (mean ± SEM for n = 6; *p < .05 vs. saline;
n.s., non significant).
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TNF-Elicited Intravascular Rolling and Firm
Adherence of Myeloid Leukocytes in
Postcapillary Venules of Salivary Glands Is
Mediated by CD62P/P-Selectin and CD54/
ICAM-1
Leukocyte recruitment from the microvasculature to the
perivascular tissue is a highly subset- and tissue-dependent
process that includes a sequential, multi-step cascade of
leukocyte-endothelium interactions (14–16). To analyze the
single steps of the extravasation process of leukocytes to
salivary glands, we established a novel experimental approach
for multi-channel in vivo microscopy analyses of the salivary
gland microvasculature (Figure 3).
Frontiers in Immunology | www.frontiersin.org 6
Under unstimulated conditions, numbers of intravascularly
rolling as well as adherent neutrophils and classical monocytes in
gland microvessels were found to be low. In contrast, stimulation
with TNF induced a significant elevation in the numbers of
intravascular rolling as well as firmly adherent neutrophils and
classical monocytes in postcapillary venules but not in capillaries or
arterioles of the gland (Figures 4A, B; n = 4). This elevation in
numbers of intravascularly rolling and firmly adherent neutrophils
and classical monocytes was significantly diminished upon
antibody-blockade of CD62P/P-selectin or CD54/ICAM-1
(Figure 4C; n = 4). Conversely, the rolling velocity of neutrophils
and classical monocytes was reduced in TNF-stimulated animals
(neutrophils: 17.8 μm/s; cMOs: 12.0 μm/s) as compared to
A B C

FIGURE 2 | Mechanisms of leukocyte trafficking into the inflamed submandibular gland. (A) Representative microscopy images (z-projections) of
immunohistochemically stained tissue sections of control (superfusion with saline) and inflamed (superfusion with TNF) submandibular glands illustrating the
expression of CD62P/P-selectin, CD54/ICAM-1, and CD106/VCAM-1 (green) in CD31/PECAM-1 (red)-positive postcapillary venules (scale bar: 10 µm).
(B) Quantitative data for endothelial expression of CD62P/P-selectin, CD54/ICAM-1, and CD106/VCAM-1 of submandibular glands superfused with TNF or saline
(mean ± SEM for n = 4; *p < .05 vs. saline; n.s., not significant). (C) Quantitative data for TNF-induced recruitment of neutrophils and classical monocytes (cMOs)/
monocyte-derived macrophages (MDMs) to submandibular glands in animals treated with blocking monoclonal anti-CD62P/P-selectin or anti-CD54/ICAM-1
antibodies or isotype control antibodies (mean ± SEM for n = 6; #p < .05 vs. isotype control).
A B C

FIGURE 3 | Experimental setup for in vivo microscopy analyses of the submandibular gland microvasculature. (A) Schematic illustration of the microscopy setup for
in vivo analysis of the microcirculation in the mouse submandibular gland. (B) Representative image of the microscopy stage for in vivo imaging of the
microcirculation in the mouse submandibular gland. (C) Representative image of the operation situs of the anterior neck region after careful dissection of the
submandibular gland. ([1] dipping objective; [2] glass-window for microscopy; [3] mounting of stage; [4] submandibular gland (synonyms in veterinary anatomy:
mandibular gland or submaxillary gland); [5] fixation ring for skin sutures; n.s., non significant.
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unstimulated controls (neutrophils: 26.9 μm/s; cMOs: 25.2 μm/s).
Blockade of CD54/ICAM-1 (neutrophils: 5.2 μm/s; cMOs: 1.9 μm/
s), but not of CD62P/P-selectin (neutrophils: 14.3 μm/s; cMOs: 10.6
μm/s), even further diminished the decreased rolling velocity of the
very few remaining rolling leukocytes upon stimulation with TNF.
In summary, TNF-elicited rolling and firm adherence of myeloid
leukocytes in postcapillary venules of salivary glands is mediated by
CD62P/P-selectin and CD54/ICAM-1.
Neutrophils Support the Trafficking of
Classical Monocytes to Inflamed Salivary
Glands
Intravascular interactions of leukocytes among each other
support their extravasation to the perivascular tissue and thus
are essential for an effective inflammatory response (37). Under
unstimulated conditions, interactions between neutrophils and
classical or non-classical monocytes were not detectable in the
gland microvasculature. Stimulation with TNF, however,
induced both incidental (<5 s) and intense (>5 s) intravascular
interactions of neutrophils with classical and—to a lesser degree
—with non-classical monocytes (Figures 5A–C; n = 4).

Neutrophils contribute to the recruitment of monocytes in
many tissues (38). To characterize the role of neutrophils for
TNF-elicited classical monocyte trafficking in salivary glands,
we performed experiments in neutropenic animals. Here, we
found that antibody-mediated depletion of neutrophils
(Supplementary Figure 2; n = 3) significantly diminished the
number of classical monocytes/monocyte-derived macrophages
recruited to TNF-stimulated glands as compared to isotype
control antibody-treated animals (Figure 5D; n = 6),
suggesting that neutrophils pave the way to salivary glands for
classical monocytes/monocyte-derived macrophages.
Neutrophils Promote Microvascular
Hyperpermeability in Inflamed Salivary
Glands
In addit ion to leukocyte trafficking, microvascular
hyperpermeability represents a hallmark of the inflammatory
response (39). As a measure of microvascular permeability, the
leakage of the macromolecule FITC dextran (500.000 kDa) into the
perivascular tissue of the mouse submandibular gland
microvasculature was analyzed by multi-photon in vivo
microscopy. Under unstimulated conditions, microvascular
leakage of FITC dextran to the perivascular tissue was minimal.
Stimulation with TNF, however, led to a significant extravasation of
this macromolecule to the perivascular space (Figures 6A, B; n = 6).

Since neutrophils critically modulate microvascular
permeability in different tissues (40), we subsequently sought
to elucidate the functional relevance of these immune cells for
TNF-dependent hyperpermeability in salivary glands. In our
experiments, the TNF-elicited elevation in the leakage of FITC
dextran to the gland’s parenchyma was significantly reduced in
neutropenic animals (Figures 6A, B; n = 6). Thus, neutrophils
promote hyperpermeability in inflamed salivary glands.
Frontiers in Immunology | www.frontiersin.org 7
A

B
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FIGURE 4 | Microvascular leukocyte-endothelial cell interactions in the inflamed
submandibular gland. (A) Representative multi-channel epifluorescence in vivo
microscopy images illustrating postcapillary venules in control (superfusion with
saline) and inflamed (superfusion with TNF) submandibular glands (scale bar: 20
µm; intravascular FITC dextran in blue, Ly-6G/Ly6C+ cells (GR-1) in green, and
CD115+ cells in red). (B) Quantitative data for intravascular rolling flux and firm
adherence of neutrophils and classical monocytes (cMOs) in postcapillary venules
of submandibular glands superfused with TNF or saline (mean ± SEM for n = 4; *p
< .05 vs. saline). (C) Quantitative data for TNF-induced intravascular rolling flux and
firm adherence of neutrophils and cMOs in postcapillary venules of submandibular
glands in animals treated with blocking monoclonal anti-CD62P/P-selectin
antibodies or anti-CD54/ICAM-1 antibodies as compared to isotype control
antibody-treated animals (mean ± SEM for n = 4; #p < .05 vs. isotype control).
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DISCUSSION

Although numerous pathological conditions (e.g., bacterial and
viral infections, autoimmune diseases such as Sjögren’s
syndrome, malignant tumors, or irradiation) may cause
disorders of the head neck salivary glands, these diseases are all
characterized by acute or chronic inflammatory changes arising
from microvascular dysfunction (1, 3–6, 41). Immune cell
accumulation in microvasculature and perivascular tissue as
well as microvascular leakage are key components of
inflammatory reactions (8, 10) that are regulated by
parenchymal sentinel cells such as tissue-resident macrophages
(7, 8, 11–13). Targeting these events in the injured gland
microvasculature might therefore represent a promising
approach for the prevention and treatment of these
pathologies. The mechanisms controlling such inflammatory
processes in salivary glands, however, are still poorly
understood (9, 14).

Innate immune cells such as neutrophils and monocytes serve
as first responders in inflammatory reactions, unspecifically
eliminating invading pathogens and injured cells. As effector
cells of the adaptive immune system, lymphocytes subsequently
Frontiers in Immunology | www.frontiersin.org 8
employ more specific cellular and humoral mechanisms to
further enforce host defense (42). Previous experimental
approaches granted insights into immune cell responses in
superficial parenchymal regions of salivary glands (12, 43–45)
but did not allow the visualization and quantitative analysis of
the underlying processes in the microvasculature deep inside the
gland’s parenchyma (7, 8). In the present study, we therefore
combined diverse experimental approaches to explore
microcirculatory events in salivary glands. Employing multi-
channel flow cytometry on tissue homogenates of murine
submandibular glands (synonyms in veterinary anatomy:
mandibular gland or submaxillary gland), we first sought to
basically analyze the trafficking of immune cells to the gland
parenchyma (46, 47). Gland inflammation was induced by
superfusion of the cytokine TNF, which represents one of the
most prominent inflammatory mediators in salivary gland
pathologies (29, 30). In these experiments, we found that
predominantly neutrophils and classical monocytes/monocyte-
derived macrophages accumulate in the inflamed tissue, whereas
responses of non-classical monocytes/tissue-resident
macrophages, CD4+ and CD8+ T lymphocytes, or B
lymphocytes remained absent. These observations extend
A B

DC

FIGURE 5 | Intravascular interactions between leukocytes in the inflamed submandibular gland. (A) Representative multi-channel epifluorescence in vivo microscopy
images illustrating interactions between neutrophils (N) and classical monocytes (cMO) or non-classical monocytes (ncMO) in postcapillary venules of TNF-stimulated
submandibular glands (scale bar: 10 µm; intravascular FITC dextran in blue, Ly-6G/Ly6C+ cells (GR-1) in green, and CD115+ cells in red). (B, C) Quantitative data
for short (≤ 5s) and long (> 5s) interactions of neutrophils and classical monocytes (cMOs) (B) or of neutrophils and non-classical monocytes (ncMOs) (C) in
postcapillary venules of submandibular glands upon superfusion of TNF or saline (mean ± SEM for n = 4; *p < .05 vs. saline). (D) Quantitative data for TNF-elicited
recruitment of neutrophils and classical monocytes (cMOs)/monocyte-derived macrophages (MDMs) to submandibular glands in animals treated with neutrophil-
depleting anti-Ly6G or isotype control antibodies (mean ± SEM for n = 6; #p < .05 vs. isotype control).
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previous findings in different tissues corroborating TNF as
potent, mediator of myeloid leukocyte trafficking. Interestingly,
blockade of TNF has recently been reported to attenuate
lymphocyte responses in Sjögren’s-like sialadenitis and other
pathologies, pointing to indirect effects of this cytokine on these
adaptive immune cells. In this regard, neutrophils and classical
monocytes/monocyte-derived macrophages have been
demonstrated to modulate activation, proliferation, and
recruitment of lymphocytes either in a stimulating [e.g.,
function as antigen presenting cell, T-cell activation via the
microbial metabolite (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMB-PP)] or an inhibiting manner [e.g., by
release of reactive oxygen species (ROS), arginase-I (ARG), and
TGF-beta, or by expression of PD-L1] (29, 48, 49).

Extravasation of immune cells from the microvasculature to
the perivascular tissue is a highly regulated multi-step process
that requires a complex interplay of distinct adhesion and
signaling molecules on leukocytes and on microvascular
endothelial cells. In many tissues, activated endothelial cells
express selectins on their luminal surface to capture circulating
leukocytes and to slow them down while rolling on the
endothelium. This enables endothelially expressed members of
the immunoglobulin superfamily (e.g., CD54/ICAM-1, CD106/
VCAM-1) to interact with leukocyte integrins, ultimately
facil itating intravascular adherence and subsequent
transmigration of these immune cells into the perivascular
parenchyma. Importantly, the endothelial expression of these
molecules and their functional relevance for leukocyte trafficking
is highly tissue-specific (8, 19, 22). Using immunostaining
and confocal microscopy on tissue cryosections (26, 27),
surface levels of CD62P/P-selectin and CD54/ICAM-1, but
not of CD106/VCAM-1, were significantly enhanced on
microvascular endothelial cells of inflamed glands as compared
to unstimulated controls. Functional experiments further
revealed that CD54/ICAM-1 and—to a lesser extent—CD62P/
P-selectin promote the trafficking of neutrophils and classical
monocytes/monocyte-derived macrophages to the gland’s
parenchyma, emphasizing the major role of these adhesion and
signaling molecules for the regulation of myeloid leukocyte
Frontiers in Immunology | www.frontiersin.org 9
responses. Although CD62P/P-selectin and CD54/ICAM-1 are
required for leukocyte infiltration of liver, kidney, lung, brain, or
peritoneum (50, 51), these molecules are dispensable for immune
cell trafficking under specific inflammatory conditions such
experimental autoimmune encephalomyelitis or lymphocyte
transmigration into secondary lymphoid organs (15, 52).
Conversely, CD106/VCAM-1 is not required for leukocyte
responses in chronic vasculitis but is critical, e.g., for fine
ambient particle matter-induced lung injury (53, 54).

To further analyze the single steps of the extravasation process of
different immune cells, we established a novel experimental
approach that allows in vivo analyses of the salivary gland
microvasculature. For this purpose, we gently dissected the
different lobes of the submandibular gland in anesthetized mice to
gain access to the microvasculature deep inside the gland’s
parenchyma. Subsequently, endothelial interactions of blood cells
were identified by in vivo immunostaining and multi-channel in
vivo microscopy. In unstimulated gland microvessels, only few
intravascular rolling and adherent leukocytes were observed, most
probably due to a minimal surgical trauma as reported in different
experimental models such as the cremaster muscle or the mesentery
(55, 56). Consistent with our previous findings in tissue
homogenates, induction of inflammation by TNF, however,
induced a strong increase in intravascular rolling and firm
adherence of neutrophils as well as classical monocytes in
postcapillary venules but not in capillaries or arterioles. This
intravascular accumulation of myeloid leukocytes required
CD62P/P-selectin and CD54/ICAM-1 (7, 8). Mechanistically,
selectins such as CD62P/P-selectin mediate molecular interactions
characterized by rapid association/dissociation rates, thus allowing
them to initiate the initial contact and the subsequent high velocity
rolling of leukocytes on the endothelium under shear. In contrast,
adhesion molecules of the immunoglobulin superfamily including
CD54/ICAM-1 recognize specific integrins on the surface of rolling
leukocytes, hence promoting more stable interactions of immune
cells with microvascular endothelial cells (7, 8). Accordingly, rolling
neutrophils and classical monocytes demonstrated a reduced rolling
velocity in inflamed submandibular glands as compared to
unstimulated controls. The rolling velocity of the few remaining
A B

FIGURE 6 | Role of neutrophils for microvascular hyperpermeability in the inflamed submandibular gland. (A) Representative multi-photon in vivo microscopy images
illustrating sections of the microvasculature in control (superfusion with saline) and inflamed (superfusion with TNF) submandibular glands treated with isotype control
or neutrophil-depleting anti-Ly6G antibodies (scale bar: 50 µm; FITC dextran in green). Quantitative data is shown in (B); mean ± SEM for n = 6; *p < .05 vs. isotype
control + saline; #p < .05 vs. isotype control + TNF; n.s., non significant).
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rolling myeloid leukocytes in animals treated with blocking CD62P/
P-selectin-antibodies remained low, whereas the rolling velocity of
the even fewer, sporadically rolling neutrophils and classical
monocytes in animals treated with blocking CD54/ICAM-1-
antibodies further decreased. Consequently, our data suggest that
CD54/ICAM-1 represents as a key regulator of myeloid leukocyte
responses in the inflamed salivary gland microvasculature.

In addition to their interplay with endothelial cells, immune cells
interact with each other during their extravasation to the
perivascular tissue (37). In the microvasculature of unstimulated
glands, interactions of neutrophils and monocytes were absent.
Upon onset of inflammation, however, loose and, later, more
intense interactions of intravascularly accumulating neutrophils
and monocytes gradually increased. These events particularly
supported the extravasation of classical monocytes/monocyte-
derived macrophages since infiltration of inflamed glands with
these immune cells was severely compromised in neutropenic
animals. These findings extend previous reports of neutrophil-
driven extravasation of classical monocytes in peritoneum, lung,
and brain. Here, it has been shown that neutrophils deposit released
granule proteins (e.g., CCL3/MIP-1a, CCL2/MCP-1, LL-37) and—
in advanced stages of disease—’find me’ and ‘eat me’ signals on the
microvascular endothelium and in the parenchyma, thus promoting
intravascular adhesion and subsequent extravasation of classical
monocytes (57).

Beyond immune cell trafficking, enhanced microvascular
permeability is a hallmark of the inflammatory response,
ultimately leading to edema formation, remodeling, and reduced
oxygenation of the affected tissue (10). To measure microvascular
leakage in salivary glands, we employed multi-photon microscopy
to determine the extravasation of intravenously applied FITC-
labeled dextran from postcapillary venules in real time.
Importantly, the salivary gland microvasculature supports the
formation of primary saliva via a basal, physiological permeability
for water and small molecules (<70 kDa), a process regulated by
tight junctions between microvascular endothelial cells (58). To
measure hyperpermeability in inflamed salivary glands, we therefore
used high molecular weight FITC-labeled dextran molecules (500
kDa) in our experiments. Accordingly, no leakage of FITC dextran
to the perivascular space was observed under unstimulated
conditions. Induction of inflammation, however, strongly
enhanced gland microvascular permeability. This process was
critically dependent on the presence of neutrophils as evidenced
in neutropenic animals. On molecular level, these immune cells
promote endothelial permeability via secretion of chemokines (e.g.,
CXCL 1, 2, 3, and 8), arachidonic acid, ATP, or adhesion-dependent
processes such as integrins interacting with endothelial adhesion
and signaling molecules (e.g., CD54/ICAM-1) (40). In summary,
our experimental data indicate that TNF promotes micro- and
perivascular accumulation of myeloid leukocytes as well as
subsequent microvascular hyperpermeability in salivary glands.
Consequently, the previously reported beneficial effects of
pharmacological TNF blockade on salivary gland function in
autoimmune Sjögren’s-like sialadenitis (29, 48) might be—at least
in part—due to interference with these TNF-dependent
microvascular processes.
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In conclusion, we established an experimental approach that
allows the visualization and quantitative analysis of pathological
processes in the microvasculature of salivary glands in real-time.
Employing this model, we identified key adhesion and signaling
molecules controlling myeloid leukocyte trafficking and subsequent
microvascular leakage in inflamed glands. Integrating mouse
models of autoimmune diseases and cancer, bacterial and viral
pathogens, or irradiation injury in this approach will enable us to
delineate disease-specific molecular targets for novel therapeutic
strategies in salivary glands pathologies.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The animal studywas reviewedandapprovedby theRegierungvon
Oberbayern (Maximilianstraße 39, 80538 München, Germany).
AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it,
critically for important intellectual content, and all authors
approved the final version to be published. Study conception
and design: BU and CR. Acquisition of data: BU, CB, and JD.
Analysis and interpretation of data: BU, CB, JD, JL, MC, and CR.
All authors contributed to the article and approved the
submitted version.
FUNDING

This study is supported by Collaborative Research Centre (CRC)
914 of Deutsche Forschungsgemeinschaft (DFG).
ACKNOWLEDGMENTS

The authors thank Claudia Fahney and Gerhard Adams for
technical assistance. Data presented in this article are part of the
doctoral thesis of J. Luft.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
604470/full#supplementary-material
February 2021 | Volume 11 | Article 604470

https://www.frontiersin.org/articles/10.3389/fimmu.2020.604470/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.604470/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Uhl et al. Salivary Gland Microvasculature In Vivo Imaging
REFERENCES

1. Wilson KF, Meier JD, Ward PD. Salivary gland disorders. Am Fam Phys
(2014) 89:882–8.

2. Miletich I. Introduction to salivary glands: structure, function and embryonic
development. Front Oral Biol (2010) 14:1–20.

3. Cavanaugh VJ, Deng Y, Birkenbach MP, Slater JS, Campbell AE. Vigorous
innate and virus-specific cytotoxic T-lymphocyte responses to murine
cytomegalovirus in the submaxillary salivary gland. J Virol (2003) 77:1703–17.

4. Fukumura D, Duda DG, Munn LL, Jain RK. Tumor microvasculature and
microenvironment: novel insights through intravital imaging in pre-clinical
models. Microcirculation (2010) 17:206–25.

5. Zanatta E, Colombo C, D’amico G, D’humieres T, Dal Lin C, Tona F.
Inflammation and Coronary Microvascular Dysfunction in Autoimmune
Rheumatic Diseases. Int J Mol Sci (2019) 20:5563.

6. Mizrachi A, Cotrim AP, Katabi N, Mitchell JB, Verheij M, Haimovitz-
Friedman A. Radiation-Induced Microvascular Injury as a Mechanism of
Salivary Gland Hypofunction and Potential Target for Radioprotectors.
Radiat Res (2016) 186:189–95.

7. Vestweber D. Novel insights into leukocyte extravasation. Curr Opin Hematol
(2012) 19:212–7.

8. Nourshargh S, Alon R. Leukocyte migration into inflamed tissues. Immunity
(2014) 41:694–707.

9. Soehnlein O, Lindbom L. Phagocyte partnership during the onset and
resolution of inflammation. Nat Rev Immunol (2010) 10:427–39.

10. Claesson-Welsh L. Vascular permeability–the essentials. Ups J Med Sci (2015)
120:135–43.

11. Thom JT, Walton SM, Torti N, Oxenius A. Salivary gland resident APCs are
Flt3L- and CCR2-independent macrophage-like cells incapable of cross-
presentation. Eur J Immunol (2014) 44:706–14.

12. Stolp B, Thelen F, Ficht X, Altenburger LM, Ruef N, Inavalli V, et al. Salivary
gland macrophages and tissue-resident CD8(+) T cells cooperate for
homeostatic organ surveillance. Sci Immunol (2020) 5:eaaz4371.

13. Zhao Q, Zhang L, Hai B, Wang J, Baetge CL, Deveau MA, et al. Transient
Activation of the Hedgehog-Gli Pathway Rescues Radiotherapy-Induced Dry
Mouth via Recovering Salivary Gland Resident Macrophages. Cancer Res
(2020) 80:5531–42.

14. Maas SL, Soehnlein O, Viola JR. Organ-Specific Mechanisms of
Transendothelial Neutrophil Migration in the Lung, Liver, Kidney, and
Aorta. Front Immunol (2018) 9:2739.

15. Doring A, Wild M, Vestweber D, Deutsch U, Engelhardt B. E- and P-selectin
are not required for the development of experimental autoimmune
encephalomyelitis in C57BL/6 and SJL mice. J Immunol (2007) 179:8470–9.

16. Vajkoczy P, Laschinger M, Engelhardt B. Alpha4-integrin-VCAM-1
binding mediates G protein-independent capture of encephalitogenic
T cell blasts to CNS white matter microvessels. J Clin Invest (2001)
108:557–65.

17. Devi S, Li A, Westhorpe CL, Lo CY, Abeynaike LD, Snelgrove SL, et al.
Multiphoton imaging reveals a new leukocyte recruitment paradigm in the
glomerulus. Nat Med (2013) 19:107–12.

18. Berlin C, Berg EL, Briskin MJ, Andrew DP, Kilshaw PJ, Holzmann B, et al.
Alpha 4 beta 7 integrin mediates lymphocyte binding to the mucosal vascular
addressin MAdCAM-1. Cell (1993) 74:185–95.

19. Bullard DC. Adhesion molecules in inflammatory diseases: insights from
knockout mice. Immunol Res (2002) 26:27–33.

20. Ashander LM, Appukuttan B, Ma Y, Gardner-Stephen D, Smith JR. Targeting
Endothelial Adhesion Molecule Transcription for Treatment of Inflammatory
Disease: A Proof-of-Concept Study. Mediators Inflammation (2016)
2016:7945848.

21. Choi KY, Swierczewska M, Lee S, Chen X. Protease-activated drug
development. Theranostics (2012) 2:156–78.

22. Nolan DJ, Ginsberg M, Israely E, Palikuqi B, Poulos MG, James D, et al.
Molecular signatures of tissue-specific microvascular endothelial cell
heterogeneity in organ maintenance and regeneration. Dev Cell (2013)
26:204–19.

23. Aslan A, Van Meurs M, Moser J, Popa ER, Jongman RM, Zwiers PJ, et al.
Organ-Specific Differences in Endothelial Permeability-Regulating Molecular
Responses in Mouse and Human Sepsis. Shock (2017) 48:69–77.
Frontiers in Immunology | www.frontiersin.org 11
24. Uhl B, Hirn S, Immler R, Mildner K, Mockl L, Sperandio M, et al. The
Endothelial Glycocalyx Controls Interactions of Quantum Dots with the
Endothelium and Their Translocation across the Blood-Tissue Border. ACS
Nano (2017) 11:1498–508.

25. Drechsler M, Megens RT, Van Zandvoort M, Weber C, Soehnlein O.
Hyperlipidemia-triggered neutrophilia promotes early atherosclerosis.
Circulation (2010) 122:1837–45.

26. Uhl B, Vadlau Y, Zuchtriegel G, Nekolla K, Sharaf K, Gaertner F, et al. Aged
neutrophils contribute to the first line of defense in the acute inflammatory
response. Blood (2016) 128:2327–37.

27. Zuchtriegel G, Uhl B, Puhr-Westerheide D, Pornbacher M, Lauber K,
Krombach F, et al. Platelets Guide Leukocytes to Their Sites of
Extravasation. PloS Biol (2016) 14:e1002459.

28. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
et al. Fiji: an open-source platform for biological-image analysis. Nat Methods
(2012) 9:676–82.

29. Zhou J, Kawai T, Yu Q. Pathogenic role of endogenous TNF-alpha in the
development of Sjogren’s-like sialadenitis and secretory dysfunction in non-
obese diabetic mice. Lab Invest (2017) 97:458–67.

30. Sedger LM, Mcdermott MF. TNF and TNF-receptors: From mediators of cell
death and inflammation to therapeutic giants - past, present and future.
Cytokine Growth Factor Rev (2014) 25:453–72.

31. Kang EH, Lee YJ, Hyon JY, Yun PY, Song YW. Salivary cytokine profiles in
primary Sjogren’s syndrome differ from those in non-Sjogren sicca in terms of
TNF-alpha levels and Th-1/Th-2 ratios. Clin Exp Rheumatol (2011) 29:970–6.

32. Shigeta A, Matsumoto M, Tedder TF, Lowe JB, Miyasaka M, Hirata T. An L-
selectin ligand distinct from P-selectin glycoprotein ligand-1 is expressed on
endothelial cells and promotes neutrophil rolling in inflammation. Blood
(2008) 112:4915–23.

33. Stellari F, Bergamini G, Ruscitti F, Sandri A, Ravanetti F, Donofrio G, et al. In
vivo monitoring of lung inflammation in CFTR-deficient mice. J Transl Med
(2016) 14:226.

34. Schwarz M, Taubitz A, Eltrich N, Mulay SR, Allam R, Vielhauer V. Analysis of
TNF-mediated recruitment and activation of glomerular dendritic cells in
mouse kidneys by compartment-specific flow cytometry. Kidney Int (2013)
84:116–29.

35. Limaye A, Hall BE, Zhang L, Cho A, Prochazkova M, Zheng C, et al. Targeted
TNF-alpha Overexpression Drives Salivary Gland Inflammation. J Dent Res
(2019) 98:713–9.

36. Langley RR, Russell J, Eppihimer MJ, Alexander SJ, Gerritsen M, Specian RD,
et al. Quantification of murine endothelial cell adhesion molecules in solid
tumors. Am J Physiol (1999) 277:H1156–66.

37. Eriksson EE, Xie X, Werr J, Thoren P, Lindbom L. Importance of primary
capture and L-selectin-dependent secondary capture in leukocyte
accumulation in inflammation and atherosclerosis in vivo. J Exp Med
(2001) 194:205–18.

38. Zuchtriegel G, Uhl B, Hessenauer ME, Kurz AR, Rehberg M, Lauber K, et al.
Spatiotemporal expression dynamics of selectins govern the sequential
extravasation of neutrophils and monocytes in the acute inflammatory
response. Arterioscler Thromb Vasc Biol (2015) 35:899–910.

39. Dreymueller D, Martin C, Kogel T, Pruessmeyer J, Hess FM, Horiuchi K, et al.
Lung endothelial ADAM17 regulates the acute inflammatory response to
lipopolysaccharide. EMBO Mol Med (2012) 4:412–23.

40. Distasi MR, Ley K. Opening the flood-gates: how neutrophil-endothelial
interactions regulate permeability. Trends Immunol (2009) 30:547–56.

41. Iizuka M, Tsuboi H, Matsuo N, Asashima H, Hirota T, Kondo Y, et al. A
crucial role of RORgammat in the development of spontaneous Sialadenitis-
like Sjogren’s syndrome. J Immunol (2015) 194:56–67.

42. Hannoodee S, Nasuruddin DN. “Acute Inflammatory Response,” StatPearls.
Treasure Island (FL) (2020).

43. Ficht X, Thelen F, Stolp B, Stein JV. Preparation of Murine Submandibular
Salivary Gland for Upright Intravital Microscopy. J Vis Exp (2018) 135:57283.

44. Jin K, Imada T, Nakamura S, Izuta Y, Oonishi E, Shibuya M, et al. Intravital
Two-photon Imaging of Ca(2+) signaling in Secretory Organs of Yellow
Cameleon Transgenic Mice. Sci Rep (2018) 8:15880.

45. Masedunskas A, Weigert R. Intravital two-photon microscopy for studying
the uptake and trafficking of fluorescently conjugated molecules in live
rodents. Traffic (2008) 9:1801–10.
February 2021 | Volume 11 | Article 604470

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Uhl et al. Salivary Gland Microvasculature In Vivo Imaging
46. Ciccia F, Alessandro R, Rodolico V, Guggino G, Raimondo S, Guarnotta C,
et al. IL-34 is overexpressed in the inflamed salivary glands of patients with
Sjogren’s syndrome and is associated with the local expansion of pro-
inflammatory CD14(bright)CD16+ monocytes. Rheumatol (Oxford) (2013)
52:1009–17.

47. Sharma R, Zheng L, Guo X, Fu SM, Ju ST, Jarjour WN. Novel animal models
for Sjogren’s syndrome: expression and transfer of salivary gland dysfunction
from regulatory T cell-deficient mice. J Autoimmun (2006) 27:289–96.

48. Wang J. Neutrophils in tissue injury and repair. Cell Tissue Res (2018)
371:531–9.

49. Soudja SM, Ruiz AL, Marie JC, Lauvau G. Inflammatory monocytes
activate memory CD8(+) T and innate NK lymphocytes independent of
cognate antigen during microbial pathogen invasion. Immunity (2012)
37:549–62.

50. Bradley JR. TNF-mediated inflammatory disease. J Pathol (2008) 214:149–60.
51. Shen J, Ss TT, Schrieber L, King NJ. Early E-selectin, VCAM-1, ICAM-1, and

late major histocompatibility complex antigen induction on human
endothelial cells by flavivirus and comodulation of adhesion molecule
expression by immune cytokines. J Virol (1997) 71:9323–32.

52. May MJ, Ager A. ICAM-1-independent lymphocyte transmigration across
high endothelium: differential up-regulation by interferon gamma, tumor
necrosis factor-alpha and interleukin 1 beta. Eur J Immunol (1992) 22:219–26.

53. Johnston B, Chee A, Issekutz TB, Ugarova T, Fox-Robichaud A, Hickey MJ,
et al. Alpha 4 integrin-dependent leukocyte recruitment does not require
VCAM-1 in a chronic model of inflammation. J Immunol (2000) 164:3337–44.
Frontiers in Immunology | www.frontiersin.org 12
54. Cui A, Xiang M, Xu M, Lu P, Wang S, Zou Y, et al. VCAM-1-mediated
neutrophil infiltration exacerbates ambient fine particle-induced lung injury.
Toxicol Lett (2019) 302:60–74.

55. Kunkel EJ, Jung U, Bullard DC, Norman KE, Wolitzky BA, Vestweber D, et al.
Absence of trauma-induced leukocyte rolling in mice deficient in both P-
selectin and intercellular adhesion molecule 1. J Exp Med (1996) 183:57–65.

56. Fiebig E, Ley K, Arfors KE. Rapid leukocyte accumulation by “spontaneous”
rolling and adhesion in the exteriorized rabbit mesentery. Int J Microcirc Clin
Exp (1991) 10:127–44.

57. Soehnlein O, Lindbom L, Weber C. Mechanisms underlying neutrophil-
mediated monocyte recruitment. Blood (2009) 114:4613–23.

58. Cong X, Zhang Y, He QH, Wei T, Zhang XM, Zhang JZ, et al. Endothelial
Tight Junctions Are Opened in Cholinergic-Evoked Salivation In Vivo. J Dent
Res (2017) 96:562–70.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Uhl, Braun, Dominik, Luft, Canis and Reichel. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
February 2021 | Volume 11 | Article 604470

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	A Novel Experimental Approach for In Vivo Analyses of the Salivary Gland Microvasculature
	Introduction
	Materials and Methods
	Animals
	Anesthesia Protocol
	Surgical Implantation of a Catheter in the Left Femoral Artery
	Surgical Preparation of the Submandibular Gland
	Quantification of Leukocyte Subsets in the Submandibular Gland Homogenates by Multi-Channel Flow Cytometry
	Immunohistochemistry
	In Vivo Epifluorescence Microscopy (Leukocyte Trafficking)
	In Vivo Multi-Photon Microscopy (Microvascular Permeability)
	Experimental Groups
	Experimental Protocols
	Inhibitors and Antibodies
	Statistics
	Study Approval

	Results
	TNF Promotes Subset-Specific Leukocyte Trafficking to Salivary Glands
	TNF Induces the Expression of Distinct Adhesion and Signaling Molecules on the Microvascular Endothelium of Salivary Glands
	TNF Promotes the Trafficking of Neutrophils and Classical Monocytes/Monocyte-Derived Macrophages to Salivary Glands via CD62P/P-Selectin and CD54/ICAM-1
	TNF-Elicited Intravascular Rolling and Firm Adherence of Myeloid Leukocytes in Postcapillary Venules of Salivary Glands Is Mediated by CD62P/P-Selectin and CD54/ICAM-1
	Neutrophils Support the Trafficking of Classical Monocytes to Inflamed Salivary Glands
	Neutrophils Promote Microvascular Hyperpermeability in Inflamed Salivary Glands

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
    /ENP ()
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


