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Abstract

Acute restraint stress (RS) is routinely used to study the effects of psychological and/or physiological stress. We evaluated
the impact of RS on cervical lymph nodes in rats at molecular and cellular levels. Male Sprague—Dawley rats were subjected
to stress by immobilization for 30, 60, and 120 min (RS30, RS60, and RS120, respectively) and compared with rats of a no-
stress control (C) group. The expression of genes encoding chemokines CXCL1/CXCL2 (Cxcll and Cxcl2) and their receptor
CXCR?2 (Cxcr2) was analyzed using reverse transcription-quantitative PCR (RT-qPCR) and microarray analyses. Immuno-
histochemistry and in situ hybridization were performed to determine the expression of these proteins and the macrophage
biomarker CD68. Microarray analysis revealed that the expression of 514 and 496 genes was upregulated and downregulated,
respectively, in the RS30 group. Compared with the C group, the RS30 group exhibited a 23.0-, 13.0-, and 1.6-fold increase
in Cxcll, Cxcl2, and Cxcr2 expression. Gene Ontology analysis revealed the involvement of these three upregulated genes in
the cytokine network, inflammation, and leukocyte chemotaxis and migration. RT-qPCR analysis indicated that the mRNA
levels of Cxcll and Cxcl2 were significantly increased in the RS30 group but were reverted to normal levels in the RS60
and RS120 groups. Cxcr2 mRNA level was significantly increased in the RS30 and RS120 groups compared with that in
the C group. RS-induced CXCL1-immunopositive cells corresponded to B/plasma cells, whereas CXCL2-immunopositive
cells corresponded to endothelial cells of the high endothelial venules. Stress-induced CXCR2-immunopositive cells cor-
responded to macrophages. Psychological and/or physiological stress induces an acute stress response and formation of an
immunoreactive microenvironment in cervical lymph nodes, with the CXCL1/CXCL2-CXCR?2 axis being pivotal in the
acute stress response.
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Introduction from the lymph, and lymphocytes recruited into the lymph

nodes from the blood [2—4]. The lymphatic vessel system

Lymph nodes are secondary lymphoid organs that play a
vital role in regulating immune responses in animals and
initiating primary immune responses in other secondary
lymphoid organs [1, 2]. A lymph node comprises the cor-
tex, paracortex, and medulla, along with the adjoining areas
encompassing antigen-presenting cells, antigenic substances
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allows the passage of signals from local pre-inflammatory
and inflammatory sites [5]. The cervical lymph nodes are
crucial in the regulation of immune responses in the maxil-
lofacial area [6]. In humans, the cervical lymph nodes are
involved in the pathway of metastases from maxillofacial
carcinoma and are regarded as sentinel lymph nodes of the
carcinoma in such areas. Understanding the basic nature
of cervical lymph nodes would provide important insights
into the mechanisms of metastases through cervical lymph
nodes, even in animal models.

Chemokines are a superfamily of structurally similar
proteins, comprising small cytokines that chemotactically
recruit cells and mediate angiogenesis, immune response,
homeostasis, and stem cell trafficking [7]. Functionally,
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chemokines are divided into three categories, namely home-
ostatic, pro-inflammatory, and dual-function [7], whereas
structurally, they are classified into four families, namely
CXC, CC, CX3C, and C [8]. Accordingly, their receptors are
denoted as CXCR, CCR, CX3CR, and CR, respectively [9].
Of these, CXC chemokines are further subdivided into two
groups: those with an ELR (Glu-Leu-Arg) motif preceding
the first Cys and those without this motif [9]. Chemokines
with an ELR, including CXCL1-3, 5-8, and 15, activate and
direct neutrophils and exert angiogenic roles. Those without
an ELR, including CXCL4, 9-11, and 14, act mainly on
monocytes and lymphocytes and exert angiostatic effects
[9]. CXCL1 (also known as GROa or MGSA-a) and CXCL2
(GROP or MGSA-p) belong to the ELR group and share a
common receptor, CXCR2 [10].

Stress induces changes in several cellular and humoral
immune parameters. For example, immunological perfor-
mance is affected by events such as immobilization, forced
swimming, and electric shock [11-13]. Chronic stress sup-
presses immunity, whereas acute stress can enhance immu-
nity [14, 15]. We have previously clarified the effects of
acute stress on various brain regions [16—18]. The brain is an
essential organ that protects the body from stress in concert
with the immune system [19-21]; however, the effects of
acute stress on lymphatic organs are not fully understood.
Therefore, in this study, we aimed to elucidate the effects
of acute stress on the cervical lymph nodes, a representa-
tive secondary lymphatic organ, in an experimental in vivo
model. We examined changes in the expression levels and
immunochemical characteristics of macrophages, erythro-
cytes, CXCL1, CXCL2, and CXCR?2 in rat models.

Materials and methods
Study animals

Forty male Sprague-Dawley rats (10—12 weeks old, body
weight 432 + 30 g; SLC Japan, Hamamatsu, Japan) were
used in this study. Experiments were conducted from
December 2019 to August 2021. All animals were housed in
an experimental animal facility, where the managers moni-
tored animal health and behavior twice per day. The animals
were maintained in a temperature-controlled room (23 + 3
°C) with a 12/12 h light/dark cycle (lights were switched on
at 7:00 h). Two to three rats were housed per cage (made of
polypropylene; dimensions: 307 mm wide, 405 mm deep,
and 227 mm high), and the rats had free access to water and
food. The animals were treated humanely, taking all due
measures to alleviate suffering. The Review/Ethics Com-
mittee of Jichi Medical University approved all experimental
procedures, which were conducted according to the Univer-
sity Guidelines for Animal Experimentation and National

Institutes of Health Guide for the Care and Use of Labora-
tory Animals (December 2019 Approval number: 18038-03).

Stress induction

The animals were divided randomly into four groups (n = 6):
a control group (C) and three experimental groups subjected
to restraint stress (RS) for 30 min (RS30), 60 min (RS60),
and 120 min (RS120). Animals were tied to a wooden board
for 30, 60, and 120 min, respectively, to induce RS. Leg fas-
teners held the rats in the supine position (spread-eagle posi-
tion). All stress induction procedures and euthanasia were
performed between 11:00 and 17:00 h. RS was induced as
described in our previous reports [17, 18, 22].

Sample preparation

Immediately after each stress induction time was over, the
animals were transferred into an airtight plastic case, anes-
thetized using inhalational anesthesia with 5% halothane
(2-bromo-2-chloro-1,1,1-trifluoroethane; Takeda Chemical
Industries, Osaka, Japan), and euthanized by intraperitoneal
overdose of sodium pentobarbital (85 mg/kg; FUJIFILM
Wako Chemical Corp., Osaka, Japan). The death of animals
was confirmed by checking for whole body atony and res-
piratory arrest. After decapitation, the cervical lymph nodes
were harvested from each group for microarray and reverse
transcription-quantitative PCR (RT-qPCR) analyses. The
organs were collected into plastic tubes and stored at —80
°C until analysis.

RNA isolation

The total RNA was extracted from the cervical lymph nodes
of the four groups using ISOGEN reagent (Nippon Gene
Co. Ltd., Toyama, Japan), according to the manufacturer’s
instructions. The total RNA concentration and purity were
measured spectrophotometrically using a NanoDrop1000
(NanoDrop Technologies, Wilmington, DE, USA). RNA
integrity was monitored by electrophoresis on an Agilent
Bioanalyzer RNA 6000 Nano (Agilent Technologies, Santa
Clara, CA, USA).

Microarray analysis

The extracted RNA (100 ng) was subjected to Cy3-labeled
cRNA synthesis using a Low Input Quick Amp Labeling
Kit (5§190-2305: Agilent Technologies). The amplified RNA
and dye incorporation were quantified using the Agilent
Bioanalyzer RNA 6000 Nano and hybridized to a microar-
ray chip (SurePrint G3 Rat GE Microarray 8X60K ver. 2.0,
Agilent Technologies). After hybridization, the chips were
washed using the Gene Expression Wash Pack. The arrays
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were scanned with an Agilent SureScan G4900DA, and fluo-
rescence intensity was extracted using Feature Extraction
software ver. 11.5.1.1.

Raw data of the microarray intensities were normalized
using the 75th percentile shift method with GeneSpring soft-
ware ver. 14.9 (Agilent Technologies) for inter-microarray
variability. Differential gene expression was defined as a
two-fold change relative to that of the control. We performed
Gene Ontology (GO) analysis to summarize the biological
functions of the selected genes. The data were then pro-
cessed using Fisher’s exact test and multiple test correction
to identify significant over-representation of GO annotations
belonging to the selected genes.

RT-qPCR

The total RNA was extracted using the ISOGEN reagent
(Nippon Gene, #311-07361), as described above, from the
four groups. These concentrations were determined using the
NanoDrop1000. cDNA was synthesized using a Transcrip-
tor First-Strand cDNA synthesis kit (#04897030001, Roche
Diagnostics Ltd., Basel, Switzerland), following the manu-
facturer’s protocol. Briefly, the template—primer mixture
was denatured by heating the tube for 10 min at 65 °C in a
heated block. The tube was briefly centrifuged and immedi-
ately cooled on ice. Master mix was added, and the tube was
placed in a thermal cycler with a heated lid for 60 min at 50
°C. Reverse transcriptase was inactivated by heating the tube
to 85 °C for 5 min, and the samples were chilled on ice. The
synthesized cDNA stock was stored at —25 °C until analysis.
gPCR was performed on a LightCycler® TagMan Master
(#04735536001, Roche Diagnostics Ltd.) using commer-
cially available TagMan probes with a dye label (FAM) on
the 5" end and a minor groove binder and a non-fluorescent
quencher on the 3’ end, CXCL1 (Rn00578225_m1) [23],
CXCL2(Rn00586403_m1) [24, 25], CXCR2(Rn02130551_
s1) [24, 26], and GAPDH(Rn01775763_g1) [27] (Thermo
Fisher Scientific, Waltham, MA, USA). The thermal cycling
conditions provided for the LightCycler® 2.0 System were
as follows: enzyme activation: 95 °C for 10 min, 45 cycles
of amplification: 95 °C for 10 s, 60 °C for 30 s, and sig-
nal detection at 72 °C for 1 s, and cooling at 40 °C for 30
s. Gapdh was used as the reference gene to normalize the
expression levels.

Immunohistochemical analysis

We performed a histological examination to identify the tis-
sues exhibiting increased Cxcll, Cxcl2, and Cxcr2 mRNA
levels in the C and RS30 groups. For immunohistochemistry,
animals (n = 3 in each group) were anesthetized and eutha-
nized as described above. The animals were then transcardi-
ally perfused with 0.85% NaCl followed by 4% formaldehyde
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and 0.2% picric acid in 0.1 M sodium phosphate buffer (PB;
pH 6.9). The cervical lymph nodes were dissected and fixed
in the same fixative for 24 h. After immersing the samples
in 20% sucrose, the lymph nodes were cut into 10-pm-thick
sections using a sliding microtome (Yamato Kohki Indus-
trial Co. Ltd., Asaka, Japan) equipped with a frozen stage.
The sections were stored in 0.1 M PB (pH 7.4) containing
0.9% phosphate-buffered saline (PBS) until immunostaining.
Some sections were stained with hematoxylin and eosin to
examine the general histology. Immunohistochemistry was
performed as described in our previous report [22]. Briefly,
the sections were washed overnight and incubated with the
following primary antibodies: mouse anti-CD68 antibody
(ab31630; Abcam, Cambridge, UK; 1:100), rabbit anti-
CXCLI1 polyclonal antibody (bs-10234R, Bioss Antibodies,
Boston, MA, USA; 1:500), rabbit anti-CXCL2 polyclonal
antibody (LS-C294372; LifeSpan BioSciences, Inc., Seat-
tle, WA, USA; 1:500), and rabbit anti-CXCR?2 polyclonal
antibody (orb1720; Biorbyt Ltd., Cambridge, UK; 1:500).
After washing, the sections were incubated with biotinylated
goat anti-rabbit IgG (BA-1000; Vector Laboratories, Burl-
ingame, CA, USA; 1:100) for 1 h. For CD68, the sections
were incubated with biotinylated donkey anti-mouse IgG
(Millipore Corporation, Billerica, MA, USA; 1:100). The
sections were washed and incubated for 30 min at room tem-
perature with avidin—biotin—horseradish peroxidase complex
(PK-6100; Vector Laboratories; 1:200). After the final wash,
the sections were reacted with 0.02% 3,3’-deaminobenzidine
tetrahydrochloride and 0.005% hydrogen peroxide in 0.05 M
Tris-HCI (pH 7.4), counterstained with thionine, and cov-
erslipped using Malinol (Muto Pure Chemicals Co. Ltd.,
Tokyo, Japan). For double staining of CD68 and CXCR2,
the samples were treated with Alexa Fluor 488-conjugated
donkey anti-mouse IgG specific for CD68 (ab150105;
Abcam; 1:100) and Texas red—conjugated donkey anti-rabbit
IgG specific for CXCR2 (GTX26800; GeneTex, Inc., Irvine,
CA, USA; 1:100). PBS was used for all washing steps, and
PBS containing 1% bovine serum albumin and 0.3% Triton
X was used to dilute the antibodies. The cells were counted
using printed images, and the areas with cells were calcu-
lated from the weights of printed papers.

In situ hybridization (ISH) was performed according to
the manufacturer’s protocol (GenoStaff Co., Ltd., Tokyo,
Japan). Animals (n = 3 in each group) were sacrificed as
described above, except that 4% formaldehyde in PB (pH
7.4) was used as the fixative. The cervical lymph nodes were
collected and embedded in paraffin wax after dehydration.
Next, 6-pm-thick sections were mounted on MAS-coated
glass slides (Matsunami Glass Ind., Ltd., Osaka, Japan). The
sections were dewaxed using xylene and then hydrated in
decreasing ethanol concentrations followed by distilled water.
The sections were treated with 0.2% hydrochloric acid and 5
pg/mL protease K (FUJIFILM Wako Chemical Corp.) at 37
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°C for 10 min each. After washing with PBS and hybridiza-
tion buffer, the sections were hybridized to relevant probes
at 60 °C overnight. Digoxigenin-labeled antisense and sense
RNA probes were synthesized by GenoStaff Co., Ltd. (for rat
CXCL1, sequence position: 636—-864, size: 229 bases; for rat
CXCL2, sequence position: 727-1047, size: 321 bases; for rat
CXCR2, sequence position: 16-266, size: 251 bases). After
washing with hybridization buffer, the sections were washed
with 50% formamide for 10 min at 60 °C. The sections were
washed with hybridization buffer and then with Tris-HCI
buffer (pH 7.0) containing 0.8% NaCl, 0.02% KCl, and 0.2%
Tween-20 at room temperature. Digoxigenin was detected
with alkaline phosphatase-labeled anti-digoxigenin Fab frag-
ments (32871920; Roche Diagnostics, Mannheim, Germany;
1:1,000 dilution), and signals were visualized using a mix-
ture of nitrotetrazolium blue chloride (Sigma—Aldrich, St.
Louis, MO, USA) and 5-bromo-4-chloro-3-indolyl phosphate
p-toluidine salt (Sigma—Aldrich) in Tris-HCI buffer (pH 9.5).
The sections were counterstained with Kernechtrot staining
solution (Muto Pure Chemicals Co., Ltd.) and coverslipped
with Malinol.

Statistical analysis

Data are presented as the mean + standard error of the mean.
Differences between groups were analyzed by one-way analy-
sis of variance, followed by Tukey’s post-hoc test. Results with
P < 0.05 were considered statistically significant. Immuno-
histochemical and in situ histochemical data were statistically
analyzed using #-tests. Statistical analysis was performed using
Statcel4 software (OMS Publishing, Inc., Saitama, Japan).

— Cxell
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Fig. 1 Heat-map clustering analysis and Gene Ontology (GO) func-
tional enrichment analysis. a Heat-map representing differentially
expressed genes in cervical lymph nodes of control and 30-min

Results
Screening of differentially expressed genes

We screened a total of 26,186 genes using microar-
ray analysis. Among them, the expression of 514 and
496 genes was upregulated and downregulated, respec-
tively, by 2-fold or more in the RS30 group compared
with that in the C group. Notably, we observed 23- and
13-fold higher expression levels of Cxcll and Cxcl2,
respectively, in the RS30 group than in the C group.
Furthermore, the expression of Cxcr2 was upregulated
by approximately 1.6-folds in the RS30 group compared
with that in the C group (Fig. la). Using a database
(Gene Ontology Consortium (http://www.geneontology.
org)), microarray analysis data were integrated to iden-
tify the GO terms and biological processes related to
the three upregulated genes. The top 15 significantly
enriched GO terms associated with the three upregulated
genes are presented in Fig. 1b.

mRNA expression analysis using RT-qPCR

Stress immediately induced transient upregulation of
Cxcl1/2 mRNA expression in the RS30 group (P < 0.01
compared with the C group based on a Tukey’s post-hoc
test). Notably, the expression levels were significantly
downregulated in the RS60 and RS120 groups (P <
0.01) compared with the expression levels in the RS30
group, and the levels recovered to the normal levels in
the C group. In contrast, the mRNA levels of Cxcr2 were

GO:1990869 cellular response to chemokine

G0:0070098 chemokine-mediated signaling pathway

GO:0071621 granulocyte chemotaxis

G0:0030593 neutrophil chemotaxis

GO:1990868 response to chemokine

G0:1990266 neutrophil migration

G0:0097530 granulocyte migration

G0:0097529 myeloid leukocyte migration

G0:0030595 leukocyte chemotaxis

—~ oxer2 G0:0060326  cell chemotaxis

G0:0050900 leukocyte migration

G0:0019221 cytokine-mediated signaling pathway

G0:0007204 positive regulation of cytosolic calcium ion concentration

G0:0051480 regulation of cytosolic calcium ion concentration

GO:0006954 inflammatory response

4 5 6 7

-logio (p-value)

restraint stress rats as obtained in microarray analysis. b Top 15 GO
terms and biological processes related to the three upregulated genes
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significantly increased in the RS30 and RS120 groups (P
< 0.05) compared with that in the C group. The mRNA
levels tended to remain at higher levels in the RS60 group
than in the C group, although the differences were not
significant (Fig. 2).

General histopathology findings

Cervical lymph nodes in the RS30 group showed frequent
erythrocyte accumulation in the medullary sinus; this
accumulation was not observed in the C group (Fig. 3a,
b). The accumulated erythrocytes also formed rosettes
enclosing macrophages (Fig. 3¢, d). Erythrocyte accumu-
lation was rarely observed in the RS60 group and was not
detectable in the RS120 group.

Immunohistochemical and ISH findings

CD68-immunoreactive macrophages were mainly localized
in the medullary sinus (Fig. 4a-e). In the cervical lymph
nodes of the C group, CD68-immunoreactive macrophages
were slender and scattered (Fig. 4a, b). In contrast, the mac-
rophages in the RS30 group were swollen and more densely
located in the lymph nodes (Fig. 4c, d). The number of
CD68-immunoreactive cells (per 100 pm?) in the medul-
lary sinus was 14.3 + 2.9 and 18.8 + 5.0 in the C and RS30
groups, respectively (P < 0.01) (Fig. 4e).
CXCL1-immunoreactive cells were mainly localized
in the medullary cords where B/plasma cells were pre-
sent (Fig. 5a-d). Immunoreactive puncta were eccentri-
cally localized to the cell nucleus (Fig. 5b, d), presumably

Cxcll Cxcl2 Cxcr2
% % * %
T — T x
=14 — kX% = 40 —_—— = 2 % —
-2 ] S —_—
212 7z 35 2
2 2 30 £ 15
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5 5 25 <
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= 0 : : : 20 ‘ ‘ 2 9 : : :

Cont RS30 RS60 RS120 Cont RS30

Fig.2 RT—qPCR analysis of Cxcll, Cxcl2, and Cxcr2 mRNA in cer-
vical lymph nodes. Relative mRNA expression of Cxcll, Cxcl2, and
Cxcr2 in the four groups: control (Cont), restraint-stressed for 30 min

Fig. 3 Erythrocyte accumula-
tion in the 30-min restraint-
stressed group. Low (a, ¢)

and high (b, d) magnification
micrographs of hematoxylin
and eosin-stained sections

of control (a, b) and 30-min
restraint-stressed (¢, d) animals.
Arrows in d indicate erythro-
cyte rosette formation in the
medullary sinus. Inset in d
indicates CD68-immunoreactive
macrophages at the center of
each rosette (arrowhead). Scale
bars: a and ¢ = 200 pm, b and
d =20 pm
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(RS30), 60 min (RS60), and 120 min (RS120) (n = 6). **P < 0.01;
*P < 0.05 vs. control. Data are presented as the mean + standard
error of the mean
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Fig.4 Increases in CD68-IR
cells and their cell numbers in
the 30-min restraint-stressed
group. Low (a, ¢) and high (b,
d) magnification micrographs of
immunohistochemically stained
CD68-immunoreactive (-IR)
cells in the medullary sinus

of control (a, b) and 30-min
restraint-stressed (¢, d) animals.
Arrows in b and d indicate
CD68-IR cells. Scale bars: a
and ¢ =200 pm, b and d = 20
pm. e Bar graph of the number
of CD68-IR cells per 100 pm?
in control and 30-min restraint-
stressed (RS30) animals. **P <
0.01 vs. control

corresponding to cisternae of the rough endoplasmic reticu-
lum and/or Golgi complex of plasma cells. In some pre-
sumed B cells, immunoreactivity was extended to the whole
cell bodies (Fig. 5b, d). Based on the cell size (7-9 pm in
diameter), paucity of the cytoplasm, and location in the B/
plasma cell territories, these immunoreactive cells were pre-
dicted to be B cells. The number of these cells was smaller
than that of immunoreactive puncta-bearing cells. The num-
ber of immunoreactive puncta per 100 pm? was 78.8 + 17.3
and 100.8 + 16.6 in the C and RS30 groups, respectively (P
< 0.05) (Fig. 6a). Concomitantly, ISH signals were observed
in areas eccentrical to the cell nucleus (Fig. Se, f). The num-
ber of B/plasma cells with these features was larger in the
RS30 group (Fig. 5f) than in the C group (Fig. 5¢). The num-
ber of Cxcll ISH-positive cells per 100 um? was 89.8 + 33.2
and 129.2 + 23.5 in the C and RS30 groups, respectively (P
< 0.05) (Fig. 6b).

Immunohistochemically, CXCL2-immunoreactivity
was observed in endothelial cells of the high endothelial
venules in the cortex (Fig. 7a—d) but not in those of the
ordinal venules in the cortex and medulla. Furthermore, the

Control RS30

immunoreactive intensity increased in endothelial cells of
the high endothelial venules in the RS30 group (Fig. 7c, d).
The percentages of immunopositive areas against the entire
endothelial cell area of the high endothelial venules were
42.9 + 12.2% in the C group and 64.2 + 13.8% in the RS30
group (P < 0.05) (Fig. 8a). Additionally, the ISH findings
agreed with those of the immunohistochemical analysis
(Fig. 7e, f). Although the positive signals in the cervical
lymph nodes were not prominent in the C group (Fig. 7e),
they increased significantly in the RS30 group (Fig. 7f). The
percentages of Cxcl2 ISH-positive cell numbers compared to
the total number of cells in the high endothelial venules were
29.3 + 6.1% and 57.2 + 13.2% in the C and RS30 groups,
respectively (P < 0.05) (Fig. 8b).

Furthermore, CXCR2-immunoreactive cells were mainly
observed in the medullary sinus (Fig. 9a—d). In the C group,
the cells were slender and scattered (Fig. 9a, b); in stressed
animals, these cells were swollen and denser (Fig. 9c,
d). Double staining for CD68 and CXCR?2 indicated that
CXCR2-immunoreactive cells corresponded to CD68-
immunoreactive macrophages (Fig. 9e, f). Furthermore,
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Fig.5 Increases in CXCL1-IR
and CxclI-ISH-positive cells

in the 30-min restraint-stressed
group. Low (a, ¢), medium (b,
d), and high (insets) magnifica-
tion micrographs of CXCL1-
immunoreactive (-IR) cells and
puncta in the medullary cords
of the control (a, b) and 30-min
restraint-stressed (¢, d) animals.
Medium (e, f) and high (insets)
magnification micrographs

of in situ hybridization (ISH)
histochemical signals of Cxcll
in the medullary cords of the
control (e) and 30-min restraint-
stressed (f) animals. Arrows in
b, d and insets indicate CXCL1-
IR cells; arrowheads in b, d and
insets indicate CXCL1-immu-
noreactive puncta. Arrowheads
in e, f and insets indicate ISH
histochemical signals from cells
in the medullary cords. Scale
bars: a and ¢ = 200 pm; b and
d—f =20 pm; insets = 10 pm
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Fig.6 Increases in CXCL1-IR punctum numbers and CxclI-ISH-pos-
itive cell numbers in the 30-min restraint-stressed group. Bar graphs
indicating the number of CXCLI-immunoreactive (-IR) puncta (a)

ISH revealed intense signals in macrophages from the RS30
group (Fig. 10b) compared with those from the C group
(Fig. 10a). In addition, Cxcr2 signals were observed in the
medullary lymphocytes, showing that the intensity was
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higher in the RS30 group (Fig. 10b) than in the C group
(Fig. 10a). The number of Cxcr2 ISH-positive cells per 100
um? was 64.7 + 20.6 and 145.1 + 34.1 in the C and RS30
groups, respectively (P < 0.01) (Fig. 10c).
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Fig.7 Increases in CXCL2-IR
and Cxcl2-ISH-positive cells
in the 30-min restraint-stressed
group. Low (a, ¢) and high (b,
d) magnification micrographs
of CXCL2-immunoreactive
(-IR) endothelial cells of high
endothelial venules of control
(a, b) and 30-min restraint-
stressed (¢, d) animals. High (e,
f) magnification micrographs
of Cxcl2 in situ hybridization
(ISH) histochemical signals
from endothelial cells of high
endothelial venules of control
(e) and 30-min restraint-stressed
(f) animals. Arrows in b and d
indicate CXCL2-IR endothelial
cells, and those in e and f indi-
cate ISH histochemical signals
from endothelial cells. Scale
bars: a and ¢ = 200 pm; b and
d—f =20 pm
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Fig.8 Increases in CXCL2-IR areas and Cxc/2-ISH-positive cell
numbers in the 30-min restraint-stressed group. Bar graphs indicat-
ing the percentage of CXCL2-immunoreactive (-IR) areas compared
to whole endothelial cell areas of the high endothelial venules (a) and
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b

percentage of Cxcl2 in situ hybridization (ISH)-positive cell number
compared to the total number of cells in the high endothelial venules
(b) in the control and 30-min restraint-stressed (RS30) animals. *P <
0.05 vs. control

% of Cxc/2|SH-positive cell numbers against
total composing cell numbers of venule
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Fig.9 Increases in CXCR2-IR
cells in the 30-min restraint-
stressed group. Low (a, ¢)

and high (b, d) magnification
micrographs of CXCR2-immu-
noreactive (-IR) cells in the
medullary sinus of control (a,
b) and 30 min-restraint-stressed
(¢, d) animals. Double staining
of CXCR2 (e) and CD68 (f).
Arrows in b and d indicate
CXCR2-IR cells, and arrow-
heads in d indicate CXCR2-
IR puncta. Arrows in e and f
indicate identical cells. Scale
bars: a and ¢ = 200 pm; b and
d—f =20 pm

Fig. 10 Increases in Cxcr2-
ISH-positive cells and their

cell numbers in the 30-min
restraint-stressed group. Low (a,
b) and high (insets) magnifi-
cation micrographs of Cxcr2

in situ histochemical signals in
medullary sinuses and cords

in the control (a) and 30-min
restraint-stressed (b) animals.
Arrows in a, b, and insets indi-
cate presumed macrophages in
the medullary sinus. Arrow-
heads in a, b, and insets indicate
in situ hybridization (ISH)-
positive presumed B cells in the
medullary sinuses and cords. A
bar graph (c¢) indicating Cxcr2
ISH-positive cell number in the
control and 30-min restraint-
stressed (RS30) animals per 100
mm?. **P < 0.01 vs. control.
Scale bars: a and b = 20 pm;
insets = 10 pm
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Discussion

We demonstrated that RS increased the expression of
Cxcll, Cxcl2, and Cxcr2. The expression of Cxcll and
Cxcl2 induced by RS was transient, whereas that of Cxcr2
tended to persist for a longer time (Fig. 2). To the best of
our knowledge, although no studies have reported on such
changes in the cervical lymph nodes, in vivo and in vitro
studies have shown that the expression of Cxcll, Cxcl2, and
Cxcr2 is synergistically increased at the gene and protein
levels upon stimulation in a time-dependent manner [28-31].
These results suggest that changes in expression levels are
characteristic biological reactions to RS in the lymph nodes.
Continuous expression of Cxcr2 may correspond to other
local environmental changes associated with the expres-
sion, networks, and stimulation of other chemokines, such
as CXCL3, CXCLA4, CXCL5, CXCL6, CXCL7, and CXCLS,
because they are also ligands of CXCR?2 [32, 33]. Similarly,
the expression of Cxc/3 was increased by 2.32-fold in our
study (Fig. 1a). Cxcll was expressed in the medullary cords,
where most lymphocytes were B/plasma cells [3]. B/plasma
cells are typically activated by invading humoral antigens
and produce specific antibodies [3]. However, our results
indicate that the B/plasma cells were activated by RS in the
absence of invading humoral antigens. Therefore, RS may
stimulate B/plasma cells to enhance CXCL1 synthesis and
secretion in a pathway distinct from the specific antibody
production pathway. Furthermore, Cxcl2 was expressed in
the endothelial cells of the high endothelial venules, suggest-
ing the association of Cxcl2 with endothelial cell functions
(see later discussion). Cxcr2 was expressed in macrophages
and presumable B/plasma cells in the medullary cord.
Moreover, the results of GO analysis (Fig. 1b) suggested
the involvement of RS-mediated, rapid induction of the
CXCL1/CXCL2-CXCR2 axis in leukocyte chemotaxis and
migration, as well as in regulating the chemokine network
in the cervical lymph nodes and inflammation [34, 35]. We
observed that such increases were transient, suggesting that
these changes are symptoms of adaptation responses against
RS wherein the response is efficiently activated once and
then inactivated. Therefore, Cxcr2, a receptor for Cxcll and
Cxcl2, may perform essential roles in concert with Cxcll,
Cxcl2, and macrophages, to regulate the resistance against
RS in the lymph nodes. Although the underlying mecha-
nisms of the adaptation are unknown, some of these effects
may be achieved through the nervous system [36, 37] or via
inhibitory cytokines [38] (see later discussion). Further stud-
ies are required to determine the underlying mechanisms.
Macrophages are heterogeneous with respect to their
morphologies, phenotypes, biochemical characteristics,
and functions regulated by internal and external factors
[39]. Various local growth factors, pro-inflammatory

cytokines, and microbial products influence the phenotypic
differentiation of macrophages [39, 40]. Macrophages
exhibit an array of functions, from phagocytosis and anti-
gen presentation to the production of various cytokines,
including interleukin-1, interleukin-6, and tumor necrosis
factor o, among others [41, 42]. Stress enhances the infil-
tration, activation, and antigen-presenting capability of
macrophages [15, 43] suggesting that macrophages have
a capacity to react against acute stress as demonstrated in
this experiment. Although CXCR?2 is expressed on mac-
rophage progenitor cells under tumor conditions [44], to
the best of our knowledge, this is the first study to dem-
onstrate that CXCR?2 is expressed on macrophages under
non-tumor conditions. Interestingly, CXCL1 and CXCL2,
which were both increased by RS, are ligands of the
CXCR?2 receptor. Stress-induced CXCL1 and CXCL2 may
activate macrophages via CXCR2 and result in erythrocyte
accumulation seen in the RS30. Taken together, a CXCL1/
CXCL2 and CXCR2 axis may perform key functions in the
cervical lymph nodes in response to acute stress.

We demonstrated that acute stress increased CXCL2 in
high endothelial venules of the cervical lymph nodes at the
transcript and protein levels. Regarding high endothelial
venules, lymphocytes migrate from the bloodstream to the
lymph node matrix [45—48]. The recruitment of leukocytes,
including lymphocytes, is precisely regulated by selective
leukocyte-endothelial cell recognition and involves at least
three consecutive steps: primary adhesion, chemoattractant
activation, and activation-dependent adhesion [46, 47]. Each
step requires various factors and adhesion receptors and several
combinatorial mechanisms to generate specificity and diversity
in leukocyte-endothelial cell interactions. Among these three
steps, the second step involves multiple chemokines, including
those of the CXC and CC families [46, 47]. Although CXCL1
is defined as an endothelial-derived chemoattractant, CXCL2
is not listed under this category. However, Springer [47] pro-
posed that other chemokines are excellent candidates for pro-
viding the signal (second step) required to activate integrin
adhesiveness and lymphocyte migration to the lymph nodes.
In support of this proposal, our findings suggest that CXCL2 is
an acute stress-related endothelial-derived chemoattractant in
the lymph nodes. Therefore, the rapid stress-induced CXCL2
and CXCL1 play important roles in leukocyte chemotaxis and
migration within the cervical lymph nodes to achieve immune
responses against acute stress.

Acute stress activates the sympathetic nervous system
and hypothalamus—pituitary—adrenal axis, resulting in
a rapid increase in the levels of plasma stress hormones,
including catecholamines and glucocorticoids [20, 21].
Innervation of the lymph nodes by sympathetic nerve fib-
ers is well-documented [49, 50], where noradrenergic fibers
penetrate along with blood vessels from the lymph node
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hilus to the cortical regions. The fibers extend from the
blood vessel nerve plexus to regions of T lymphocytes in
the paracortical and cortical zones [49]. Adrenergic recep-
tors (AR) were previously detected in immune cells [51].
Among the ARs, PAR is associated with cells responsible
for innate immunity, and aAR is primarily expressed by
monocytes/macrophages [50]. Moreover, the intimate physi-
ological interaction between nerve fibers and immune cells
was morphologically observed in the lymph nodes [52].
Activation of ARs leads to the production of inflammatory
substances such as cytokines [53]. Other prominent stress
hormones, such as glucocorticoids, exert anti-inflammatory
and immuno-suppressive properties by regulating immune
cell adhesion on blood vessel endothelial cells, suppressing
immune cell activation, and inhibiting cytokine production
[19, 54]. Furthermore, glucocorticoids downregulate pro-
inflammatory mediators from monocytes/macrophages and
differentiate into anti-inflammatory phenotypes, ultimately
increasing migration [55]. Collectively, although the under-
lying mechanisms remain unclear, increased levels of cat-
echolamines and glucocorticoids induced by acute stress
may directly or indirectly be associated with the transient
activation of macrophages and the CXCL1/CXCL2-CXCR2
axis in the cervical lymph node microenvironment.

The present study was performed using animal models.
Although the results obtained in animal models are not directly
applicable to humans, many types of these models have been
established [56, 57], and data that reflect human health have
been obtained. The most well-known case is the “stress theory”
proposed in 1936 by Hans Selye, who put forward the theory
based on data from animal models [58]. Since then, our under-
standing of human stress has considerably improved, and some
insights have been applied in clinical settings. Therefore, our
data provide a foundation for further studies in humans.
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