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Previous studies have speculated that brain activity directly controls immune
responses in lymphoid organs. However, the upstream brain regions that
control lymphoid organs and how they interface with lymphoid organs to
produce stress-induced anxiety-like behavior remain elusive. Using stressed
human participants and rat models, we show that CCL5 levels are increased in
stressed individuals compared to controls. Stress-inducible CCL5 is mainly
produced from cervical lymph nodes (CLN). Retrograde tracing from CLN
identifies glutamatergic neurons in the red nucleus (RN), the activities of which
are tightly correlated with CCLS levels and anxiety-like behavior in male rats.
Ablation or chemogenetic inhibition of RN glutamatergic neurons increases
anxiety levels and CCLS5 expression in the serum and CLNs, whereas pharma-
cogenetic activation of these neurons reduces anxiety levels and CCL5
synthesis after restraint stress exposure. Chemogenetic inhibition of the pro-
jection from primary motor cortex to RN elicits anxiety-like behavior and
CCLS5 synthesis. This brain-lymph node axis provides insights into lymph node

tissue as a stress-responsive endocrine organ.

Studies in humans and animals suggest that exposure to stressors can
trigger or exacerbate anxiety disorders'’. One biological process that
has been increasingly investigated over the last decade is the inflam-
matory response’, since it has a major role in the pathophysiology of
mental illnesses, such as depression and anxiety*’. Immune signaling
contributes to the regulation of neurobiological processes that mod-
ulate anxiety- and depression-associated behaviors in the face of
stressor exposure®. Exposure to traumatic and stressful events results
in hypothalamic-pituitary-adrenal (HPA) axis reactivity, the activation
of the immune system, and the release of proinflammatory cytokines’®.
Although extensive studies have been performed to characterize the
role of cytokine/chemokine dysfunction in the pathophysiology and
maintenance of stress-related mental health disorders, our under-
standing of the role of inflammation in the etiology and maintenance
of these disorders remains limited. To understand the role of

inflammation in stress-related reactions among these stressed people,
we measured the levels of multiple immune mediators, cytokines, and
chemokines in peripheral blood in the acute phase of stress.

It has been hypothesized that brain activity may directly control
adaptive immune responses in lymphoid organs’. However, there is
little evidence showing that stress-induced brain activity dysfunction
can lead to immune responses in lymphoid organs. Previous research
showed that splenic denervation specifically impairs plasma cell for-
mation during T cell-dependent immune response in mice'. Neurons in
the central nucleus of the amygdala (CeA) and the paraventricular
nucleus (PVN) that express corticotropin-releasing hormone (CRH) are
connected to the splenic nerve™. This study suggested that the CeA and
PVN control spleen activity in mice; however, splenectomy surgery did
not affect behavioral performance in either wild-type mice or stressed
mice. In contrast, even though human studies and cross-neuronal viral
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tracking assays in animal models have hinted that brain activities and
inflammatory signaling contributed to stress-induced anxiety"?, to the
best of our knowledge, the exact location and identity of neurons
involved in stress and inflammation has not been causally proven.

To answer this question, adult rats were applied in our study. And
a series of neuroscience technology, including electrophysiological
techniques, fiber optic recording technology, optogenetics and che-
mical genetics techniques, were used to identify a group of glutama-
tergic neurons in RNs that play a vital role in stress-induced anxiety and
inflammation by receiving projections from the primary motor cortex
(M1). The results of fMRI further confirmed that the functional con-
nectivity of the RN was significantly lower in stress-induced animals
than in controls. The discovery provides insights into brain activity
that controls anxiety and inflammation, and provides a potential brain
target for treating stress-induced anxiety in humans.

Results

Levels of CCL5 were increased in individuals exposed to a
stressful environment in the first month post stress

To measure the levels of immune indicators of stress in stressed
people, we recruited psychiatrists who worked on the front line during
the COVID-19 pandemic in Wuhan between February 21 and March 31,
2020 (Fig. 1a). In the study, 47 individuals exposed to a stressful
environment (mean age 40.79 + 6.144 years) and 41 controls (mean age
41.05 + 6.499 years) completed the survey. Sex, age, marriage status
and education years were not different between these two groups
(Table 1). To evaluate the mental health of individuals exposed to a
stressful environment and matched controls, we used the Patient
Health Questionnaire-9 (PHQ-9) for regular depression screenings',
the Generalized Anxiety Disorder (GAD-7) to determine generalized
anxiety levels, the PTSD Checklist for DSM-5 (PCL-5) to determine
stress levels®, and the Self-Regulation Questionnaire-20 (SRQ-20) for
identifying mental disorder symptoms'®. Acute phase refers to within
one month after stress according to DSM-5 (The diagnostic and sta-
tistical manual of mental disorders, DSM). In the acute phase, the
median scores on the PHQ-9, GAD-7, PCL-5, and SRQ-20 for all parti-
cipants were 2.00, 1.00, 2.00, and 1.00, respectively. There were no
differences in PHQ-9 and GAD-7 scores between the stressed group
and the control group (Table S1 and Fig. 1b, ¢). Individuals exposed to a
stressful environment had higher scores on the SRQ-20 (p = 0.001) and
PCL-5 (p =0.019) (Fig. 1d, e). After 6 months, the PCL-5 scores in indi-
viduals exposed to a stressful environment reverted to the level in
control individuals (p = 0.164) (Fig. 1d). The SRQ-20 scores were still
higher in the stressed group than in the control group (p=0.040)
(Fig. 1e), suggesting that the impact of stress may still be present even
after half a year. The scores on the SRQ-20 and PCL-5 reverted to
control levels 1 year later (p > 0.976) (Fig. 1d, e), which suggested that
the mental health of stressed individuals returned to normal levels.

To explore the relationship between inflammatory cytokines/
chemokines and the stressed state, we measured the levels of 10
immune mediators, cytokines, and chemokines in peripheral blood.
Our results showed that the levels of MCP-1, IL-1$3, IL-2, IL-4, IL-6, TGF-a,
TNF-a, and BDNF in stressed individuals and controls were not dif-
ferent (Fig. 1f, h-n). CCLS5, also known as RANTES, was elevated sig-
nificantly in stressed people in the first month after returning from a
stressful environment (Fig. 1g), suggesting that stress can increase the
level of CCLS5, which can last for at least one month. Surprisingly, the
level of cortisol, a naturally occurring steroid hormone that plays a key
role in the body’s stress response, was lower in stressed people than in
controls (Fig. 10).

Six months and one year later, the concentration of CCL5 was
decreased to the level of controls (Fig. 1p). The concentration of cor-
tisol slightly increased to normal levels following 6 months and
12 months of recovery (Fig. 1q). These results suggested that the
physiological indicators of stressed individuals recovered 1 year later.

We also analyzed the correlation of these immune mediators and
mental health state in the acute phase. Our results showed that several
inflammatory cytokines, such as IL2 and TGF«, were negatively cor-
related with the stress level (Fig. S1a). Both the CCLS levels and mental
states of matched controls were not different from baseline after 1 year
(Fig. S1b-h). To further understand the relationship between CCL5 and
mental state, we analyzed the correlation between CCLS5 levels and
questionnaire scores. After taking the follow-up data into account,
CCL5 had a significant positive correlation with PCL-5, PHQ-5, and SRQ-
20 scores (Fig. S1i-k). Together, these results reveal that stress led to a
dramatic increase in CCL5, and we suspect that CCL5 may be a marker
reflecting stress levels.

Acute restraint stress led to anxiety-like behavior and a sharp
increase in CCLS in rats

To verify the fluctuation in CCLS5 levels after stress, which was observed
in clinically stressed individuals, both male and female rats were
exposed to restraint stress for three days (Fig. 2a and Fig. S1). In our
study, restraint stress had no effect on the locomotion abilities of rats
(Fig. 2b). The male rats spent less time in the central zone in the open
field test and less time in the open arms in the elevated plus maze test
(Fig. 2c-e). These results reveal that acute restraint stress can lead to
anxiety-like behavior in male rats. However, restraint stress had no
effect on anxiety-like behavior in female rats (Fig. S2b-e). The different
performance of females and males suggested that males should be
selected for subsequent mechanistic studies.

To determine the effect of circadian rhythms on CCL5 and corti-
costerone levels, control rats not exposed to restraint stress under-
went continual blood sampling to establish the 24-h CCLS5 and
corticosterone profiles. For CCLS5 levels, no circadian rhythms in con-
trol rats not exposed to restraint stress were observed, indicating that
the CCL5 concentration was unaffected by circadian rhythms (Fig.
S3a). Control rats not exposed to stress exhibited a marked rhythm of
corticosterone levels over the 24-h sampling period (Fig. S3b). These
results indicated that the CCL5 concentration was unaffected by cir-
cadian rhythms. This finding suggests that CCLS is more readily
available than corticosterone.

To investigate the CCL5 concentration after acute stress expo-
sure, we collected the blood of rats at different times before and after
restraint stress exposure. To help animals adapt to the blood collec-
tion process, we collected blood 3 days before stress exposure. Our
results indicated that the blood collection process had little effect on
the CCLS5 level and corticosterone level in either male or female rats
(Fig. S3c-j). After 3 days of acclimatization, rats were subjected to
restraint stress. Blood was collected after the first day of restraint
stress exposure, and the levels of CCL5 and corticosterone were ana-
lyzed. Although female rats showed no anxiety-like behavior, we
observed a sharp increase in CCL5 and corticosterone in both female
and male rats on the first day of being subjected to restraint stress (Fig.
S3g, i). The concentrations of CCLS5 and corticosterone were slightly
decreased on the third day. On the eleventh day (one week after
restraint stress exposure), the CCL5 concentration was maintained at
the same level as that on Day 3. Neither CCL5 nor corticosterone levels
oscillated in rats not exposed to restraint stress (Fig. S3d-j). To assess
whether the upregulation of CCL5 occurred in other stressed anxiety/
depression models, we measured the CCLS5 levels in rats exposed to
early life stress (ELS) or chronic unpredictable mild stress (CUMS). In
contrast to control rats, both ELS rats and CUMS rats exhibited
reduced interest in exploring the central zones in the open field test
(Fig. S4b, g) and spent less time in the open arms in the elevated plus
maze test (Fig. S4c, h). Consistent with the results of acute restraint
stress, rats exposed to ELS or CUMS exhibited significantly increased
CCLS5 levels in serum (Fig. S4e, j), suggesting that stress can lead to a
sharp increase in CCL5 in rats. Although acute restraint stress exposure
increased CCLS levels in both female and male rats, it failed to induce
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anxiety-like behaviors in female rats. To understand the inflammatory
and neural mechanisms of acute stress-induced anxiety, the following
experiments were mainly performed using male rats.

Stress-inducible CCL5 was produced by lymph nodes
CCL5 is produced by many cell types, including myocytes, endothelial
cells and adipocytes”. To understand the origin of stress-inducible

CCL5 in serum, we screened multiple tissues for CCLS induction using
restraint stress models. We found that CCLS was robustly induced in
the cervical lymph nodes (CLNs) (Fig. 2f). To test whether CLNs were
the main source of stress-inducible CCL5, we surgically excised the
CLNs (Fig. 2g). After 3 days of restraint stress exposure, an analysis of
the distance moved in the open field test showed that lymphade-
nectomy had no effect on locomotion activity (Fig. 2h). Rats in which
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Fig. 1| Mental health outcomes and immune mediators of stressed individuals.
a Flowchart of the stress period and blood collection of stressed individuals.

b PHQ9 scores. ¢ GAD7 scores. d PCL-5 scores (one-way ANOVA, F3 145 =3.689,
*P=0.0190). e SRQ-20 scores (one-way ANOVA, F3165=3.234, **P=0.0013,
*P=0.0404) of stressed individuals. (n =41 for control, n=47 for stress 1 m, n=40
for stress 6 m, n =41 for stress 12 m). f-o Plasma levels of MCP-1, CCLS5 (two-sided
unpaired ¢ test, *P=0.0022, t=3.167, df =79; n=38 for control, n =43 for stress),
IL-1B, IL-2, IL-4, IL-6, TGF-a, TNF-&t, BDNF and cortisol (two-sided unpaired ¢ test,
*P=0.0020, t=3.273, df =79; n =38 for control, n =43 for stress) in stressed
individuals 1 month after leaving the stressful environment. p, q, Plasma CCL5

(n =38 for control, n =43 for stress 1 m, n =39 for stress 6 m, n =33 for stress 12 m)
and cortisol levels (n =39 for control, n =43 for stress 1m, n =41 for stress 6 m,

n =41 for stress 12 m) in stressed individuals 6 months later and 1 year later (one-
way ANOVA, F3 165 =10.800, *P=0.0012, **P < 0.0001. ctrl control individuals
without stressful experience, stress 1 m: stressed individuals 1 month after leaving
the stressful environment, stress 6 m: stressed individuals 6 months after leaving
the stressful environment, aid 12 m: stressed individuals 12 months after leaving the
stressful environment. Data are presented as the mean + SEM. *P< 0.05, **P< 0.01,
***P < (0.001. Source data are provided as a Source Data file.

the CLNs were removed spent more time in the central zone in the
open field test than sham rats (Fig. 2i). There was a trend toward a
higher percentage of time spent in the open arms in rats in which the
CLNs were removed than in sham rats (Fig. 2j). Lymphadenectomy
ablated the CCL5 response to restraint stress (Fig. 2k).

To examine the role of the adaptive immune system in stress-
induced behavioral changes, we compared the frequencies and num-
bers of peripheral blood CD4* and CD8" lymphocytes. Rats exposed to
acute restraint stress exhibited no changes in the frequencies or
numbers of peripheral blood CD4" and CD8* lymphocytes compared
to nontreated controls (Fig. S5a, b). Furthermore, the frequencies and
numbers of CLNs CD4* and CD8" lymphocytes were also investigated.
Rats exposed to restraint stress showed significantly increased fre-
quencies and numbers of CD8' lymphocytes compared to controls
(Fig. 21, m). It has long been known that memory cells respond more
rapidly to antigens™, and the level of mRNA for CCL5, which was vir-
tually absent from naive cells, was over 30-fold higher in both popu-
lations of memory phenotype T cells'®. Compared to control rats, the
frequencies and numbers of CLNs memory CD8" T cells were sig-
nificantly increased in stressed rats (Fig. 2n, o), suggesting that CD8"
T cells have a broad impact on physical stress-induced anxiety-like
behavior. Besides, the CD8" T cells in CLNs from RS rats exhibited a
significant increase in CCL5 expression compared to that in control
rats (Fig. S5¢).

Stress-induced translation activation promoted CCLS5 protein
synthesis in lymph nodes

Given the observed difference in RS-induced changes in cervical lymph
nodes, the molecular mechanisms were assessed. To address

Table 1 | Demographic characteristics

Mean £ S.D or No. (%)

Working position

Characteristic Stressed Controls P value
individuals

Overall 88 (100) 47 (52.3) 41 (47.6)

Sex
Men 64 (72.7) 35 (39.8) 29 (33.0) 0.903
Women 24 (27.3) 12 (13.6) 12 (13.6)

Age
Mean 40.90+6.328 40.79+6.144 41.05+6.499 0.345
Median 40 40 40

Marriage status
Unmarried 9(10.2) 4 (4.5) 5(5.7) 0.429
Married 77 (87.5) A1 (46.6) 36 (40.9)
Divorced or 2(2.3) 2(2.3) 0(0)
widowed

Education years
Mean 17.0+1.5 20.8+1.3 20.7£1.6 0.622
Median 20 20 20

transcriptome-wide alterations in CLNs in stressed rats, we performed
RNA sequencing (RNA-seq) analysis. Genes in the CLNs of stressed rats
showed significant differences compared to those in the control group
(Fig. 2p). A total of 4697 specifically differentially expressed genes
(DEGs) were identified in the CLNs of RS group rats (Fig. 2q). Gene
Ontology (GO) analysis revealed that a large number of these DEGs
encoded proteins for the translation and regulation of immune system
processes (Fig. 2r). Restraint stress led to an increased level of trans-
lation initiation factors and a decreased level of ribosome genes
(Fig. 2s). Restraint stress also led to an increase in the mRNA con-
centrations of cytokines and chemokines, such as IFNa, IL2, IL6, and
CCL2 (Fig. S6a). Additionally, the expression of eukaryotic translation
initiation factor 4E (elF4E), which aids in translation initiation by
recruiting ribosomes to the 5-cap structure, was upregulated in the
CLNs of RS group rats (Fig. S6b). There were no changes in the
expression of interferon regulatory factor 1 (IRF1) in the CLNs of
stressed rats, suggesting that RS promotes translation in CLNs, which
is consistent with the results of RNA-seq.

To confirm the effect of the translation process on RS-induced
anxiety-like behavior, anisomycin, a protein synthesis inhibitor, was
used to inhibit the translation process in rats (Fig. Sé6¢). The inhibitory
effects were confirmed by immunohistochemistry (Fig. S6d). After the
administration of anisomycin, the CCL5 level in CLNs was decreased
significantly in RS rats (Fig. S6e). Regarding behavioral results, aniso-
mycin did not affect the locomotion ability of stressed rats (Fig. S6f).
Anisomycin increased the time spent in the central zone in the open
field test and the open arm ratio in the elevated plus maze in RS rats,
suggesting that translation inhibition relieves anxiety levels (Fig. S6g—j).
CCLS5 levels in serum were also analyzed to detect the effect of trans-
lation inhibition. Restraint stress resulted in a sharp increase in CCL5
levels in rats injected with saline, while anisomycin attenuated this
increase (Fig. S6k). In summary, stress-induced upregulation of trans-
lation triggers CCLS5 synthesis in CLNs and the onset of anxiety,
although the underlying mechanism remains to be further investigated.

Identification of RN glutamatergic neuron clusters upstream of
the CLNs

To identify brain regions involved in CLN control, we first injected
mRFP-encoding pseudorabies virus 152 (PRV) directly into the CLNs of
adult rats to retrogradely and transsynaptically label upstream neu-
rons (Fig. 3a). Over 6 days, we observed clusters of mRFP+ neurons in
specific regions, including RN and M1 (Fig. 3a and Figs. S7, S8). As we all
know, the red nucleus (RN) is part of the midbrain tegmentum and is
responsible for motor functions together with brain areas such as the
motor cortex, cerebellum, spinal cord and posterior thalamus®. We
hypothesize that RN neurons activities may also be transmitted as
efferent output through lymph node neurotransmission to promote
CCLS5 synthesis. Two types of neurons were found in RNs: glutama-
tergic neurons and GABAergic neurons. To investigate which type of
neuron plays an important role in regulating CLNs, we stained gluta-
matergic neurons and GABAergic neurons with a marker for PRV-mRFP
(Fig. 3b). Approximately 89.72% of mRFP* neurons in the RN were
costained with vGlutl, suggesting that glutamatergic neurons may be
the main neurons in the RN regulating CLNs (Fig. 3c).
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Fig. 2 | Acute restraint stress led to anxiety-like behavior and a sharp increase
in CCLS5 in rats. a Schematic timeline and behavioral paradigm in rats, RS restraint
stress. b No difference between control rats and RS rats in distance moved in the open
field test (¢ test, P=0.5039, n=9). ¢ The distance moved in the central zone was
significantly lower in RS rats than in control rats in the open field test (¢ test,
P=0.0042, n=9). d The time spent in the central zone in the open field test was
significantly lower in RS rats than in control rats (¢ test, P=0.0046, n=9). e There was
a lower open arm ratio in the elevated plus maze test in RS rats than in control rats (¢
test, P=0.0002, n=8 for control and 9 for RS). f The fold change in CCLS5 in tissues
from stressed and control rats (two-way ANOVA, interaction Fy o4 =17.83, P<0.0001,
effect of tissues Fo,04 =17.66, P<0.0001, effect of restraint stress Fyo4 =24.86,
P=0.0969, n=4). g Schematic timeline and behavioral paradigm in rats in which the
CLNs were removed. h There was no difference in distance moved in the open field
test between sham rats and rats in which the CLNs were removed (two-tailed unpaired
ttest, t=1.406, df =11, P=0.1902, n = 6). i Rats in which the CLNs were removed spent
significantly more time in the central zone in the open field test than sham rats (two-
tailed unpaired ¢ test, t=2.391, df=11, P=0.0358, n=7 for control and 6 for LN
removal). j There was a trend toward a higher open arm ratio in rats in which the CLNs
were removed than in sham rats (two-tailed unpaired ¢ test, t=1.682, df=11,
P=0.1208, n = 6). k Serum CCLS levels were also measured by ELISA at different times
in these two groups. Restraint stress led to a sharp increase in CCL5 expression in both
sham rats and rats in which the CLNs were removed. However, the CCLS levels in sham

rats were significantly higher than those in rats in which the CLNs were removed (two-
way ANOVA, interaction Fy 0 =4.44, P=0.0099, effect of time F4,0=21.02,
P<0.0001, effect of lymphadenectomy F;,0=191.9, P<0.000L n=4 per group).

1, m Flow cytometry analysis of the frequency and absolute numbers of different T-cell
populations in the CLNs of control and restraint stress-treated rats (two-way ANOVA,
interaction F,15 = 0.4520, P= 0.6434, effect of cell types F, 13 =47.76, P< 0.0001, effect
of stress F115=9.021, P=0.0076, n=4 per group; two-way ANOVA, interaction
F>18=0.5738, P=0.5734, effect of cell types F,15=72.87, P<0.0001, effect of stress
F118=11.80, P=0.0030, n =4 per group). n, o Flow cytometry analysis of CD8 memory
cells in the CLNs of control and restraint stress-treated rats (two-way ANOVA, inter-
action F1, = 0.1071, P=0.749], effect of cell types F;1,=0.9506, P=0.3488, effect of
stress F112=19.732, P=0.0009, n = 4 per group). CD8 + CD45RC-: memory CD8 T cells;
CD8 + CD45RC +: Naive CD8 T cells. p Heatmap showing the differentially expressed
genes (DEGs) in the cervical lymph nodes of control and RS-treated rats. The DEGs
were identified with a fold change of RS/CTRL >2.0 or <0.5. q Volcano map showing
the number of DEGs in cervical lymph nodes in control and RS rats. RS led to the
upregulation of 2077 genes and the downregulation of 2620 genes in CLNs.

r Functional annotation of DEGs in the adult rat cervical lymph nodes. s Heatmap
showing the expression of DEGs encoding translation initiation factors and ribosome
genes. Data are presented as the mean + SEM. The significance of differences in all
two-group comparisons was determined by a two-tailed unpaired ¢ test. *P<0.05,
*P<0.01, **P<0.001. Source data are provided as a Source Data file.
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Fig. 3 | Identification of a cluster of RN glutamatergic neurons upstream

of CLNs. a Schematic timeline and paradigm in rats PRV CLN injections. We first
injected pseudorabies virus 152 (PRV), encoding mRFP, directly into the CLNs of
adult rats to retrogradely and transsynaptically label upstream neurons. We
observed a cluster of mRFP+ neurons bilaterally in specific regions, including the
RN, n=3. b Identification of a cluster of RN glutamatergic neurons upstream of
CLNSs. ¢ 89.7% of cells projecting to the CLNs were vGlutl® cells (two-tailed unpaired
t test, P<0.0001, scale bar: 100 um, n =3). d Current steps of increasing amplitude
applied during whole-cell recordings from RN glutamatergic cells in control (black)
and RS (red) rats. Scale bar, 300 mV and 100 ms. e Depolarizing current steps

evoked fewer action potentials in neurons recorded from RS animals than control
animals (two-way ANOVA, interaction Fo 150 = 0.1149, P> 0.99, effect of current
steps Fo 150 =16.63, P< 0.001, effect of restraint stress Fy 150 = 6.761, P=0.0100;
control: n=7, RS: n=10 cells for 3 rats). f-i Glutamatergic cells exhibited different
intrinsic properties in control and RS rats. fRheobase, t =2.235, P=0.0436, n =7 for
control and 8 for RS. g Saturating I, t = 2.184, P=0.0453, n =7 for control and 10 for
RS. h Voltage threshold, t=2.127, P=0.0504, n=7-10 per group. i Membrane
potential, t =2.630, P=0.0189, n = 7 for control and 10 for RS. Data are presented as
the mean + SEM. *P< 0.05, *P< 0.01, **P < 0.001. Source data are provided as a
Source Data file.

To test the effect of restraint stress on RN glutamatergic neurons,
we measured their frequency of action potentials in response to
depolarizing current steps. The current was varied from -100 pA to
400 pA in 50 pA steps and the number of action potentials (induced
spikes) elicited in 500 ms intervals was measured (Fig. 3d). The cells
that exhibited spike frequency and broad action potentials and lacked
spontaneous firing at resting membrane potential were identified as
glutamatergic neurons. Compared to control rats, depolarizing

currents evoked lower firing in stressed rats (Fig. 3e). Similarly, the cell
needed more current to fire spikes at a given frequency (Fig. 3e). In
addition, RN glutamatergic neurons in stressed rats displayed a larger
rheobase, saturating currents, and a lower membrane potential and
had a similar voltage threshold (Fig. 3f-i).

To examine the cell type-specificity and sub-second temporal
resolution response patterns of RN glutamatergic neurons, we used
fiber photometry to record changes in physiological calcium signaling
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of these neurons in freely behaving rats® (Fig. 4). We stereotactically
infused AAV-CaMKIlla-GCaMPé6s into the RN regions in rats.

The calcium indicator GCaMPé6s was expressed in the glutama-
tergic neurons of RNs (Fig. 4a, b). We unilaterally implanted an optical
fiber above the RN (200 pm optical density, 0.37 numerical aperture)
to record changes in RN neurons activity. During cage exploration,
baseline recordings of RN neurons by GCaMPé6s showed dynamic
fluctuations of -3% ~ 13% (Fig. S9a, b). These dynamics were absent and
were not affected by the movement and laser illumination of GFP-
expressing neurons, indicating that the fluctuations were calcium-
dependent GCaMPés signaling. Fiber photometry revealed calcium
fluxes in RN glutamatergic neurons in the open field test in control and
stressed rats. Compared to control rats, restraint stress significantly
decreased GCaMPé6s fluorescence in RS rats. In the open field test, the
Ca” signals increased once the rats exhibited exploratory behavior.
Increased Ca*" signals promoted rats to enter the central zone in the
open field test (Fig. 4c, d). Compared to control rats, RS rats showed
lower Ca*" signals during exploratory behavior in the open field test
(Fig. 4e-i). In summary, the activation of RN glutamatergic neurons
was a necessary condition for exploratory behavior in the central zone.
However, animals did not necessarily go to the center when RN glu-
tamatergic neurons were activated.

Chemogenetic manipulation of RN glutamatergic neurons
affects anxiety-like behavior and CCLS5 secretion

To test the functional impact of RN glutamatergic neuron activity on
anxiety-like behavior and CCL5 synthesis, we stereotactically injected
recombinant AAV conditionally expressing the inhibitory receptor
hM4D(Gi) (Fig. 5a). hM4D(Gi) can inhibit neuronal firing, when acti-
vated by the designer drug clozapine-N-oxide (CNO). Inhibition of RN
glutamatergic neurons was validated by patch-clamp recordings of
brain sections (Fig. 5b). CNO injection reduced the time spent in the
central zone in the open field test and the open arm ratio in the ele-
vated plus maze test in hM4D(Gi) rats but not in mCherry control rats
(Fig. 5¢, d). The administration of CNO increased the CCLS level in the
serum (Fig. 5e) and in the CLNs of hM4D(Gi) rats (Fig. S9c). Next, we
sought to ablate the activity of RN glutamatergic neurons by using an
AAV that conditionally expresses death-inducing active caspase 3
(AAV-EF1a-DIO-taCasp3-TEVP) and AAV-CaMKII-Cre into the RN of rats,
which triggered cell apoptosis through Cre-induced expression of a
genetically engineered caspase (taCasp3) in targeted neurons (Fig. 5f).
The RN of control rats were injected with AAV-EF1a-DIO-taCasp3-TEVP
alone. Immunostaining results showed a significant decrease in vGlutl*
cells at the injection site (Fig. 5f). Behaviorally, taCasp3-ablated rats
showed higher anxiety levels, as shown by the reduced time spent in
the central zone in the OFT and the diminished open arm ratio in the
EPM test compared to controls (Fig. 5g, h). The CCLS5 levels in serum
and CLNs were significantly higher in taCasp3-ablated rats than in
controls (Fig. 5i and Fig. S9d). Together, these loss-of-function
experiments all support an essential role of the RN in anxiety-like
behavior and CCL5 synthesis.

To determine whether enhanced RN glutamatergic neuronal
activity would decrease anxiety levels and CCL5 production after
restraint stress exposure, a recombinant hM3D(Gq) adeno-associated
virus (AAV) was used; as a control, an AAV with fluorescent protein was
applied (Fig. 5j). Action potentials were triggered after CNO activation,
and verified by using patch-clamp technique to record the firing of
single glutamatergic neurons in brain slices (Fig. 5k). CNO injection
decreased the RS-induced anxiety level in hM3D(Gq) rats, as shown by
the increased time spent in the central zone in the OFT and the
increased open arm ratio in the EPM test compared to controls (Fig. 5I,
m). Enhanced RN glutamatergic neuronal activity led to decreased
CCLS5 levels in the serum and CLNs after restraint stress exposure
(Fig. 5n and Fig. S9e). Taken together, these data suggested that the
activation of RN glutamatergic neurons could attenuate restraint

stress-induced anxiety-like behaviors and elevate CCLS levels. Our
study demonstrated the function of “brain-lymph nodes” axis in
anxiety.

To further understand the role of CCLS5 in RN inhibition-induced
anxiety, we investigated whether systemic blockade of CCL5 influ-
enced RN inhibition-induced anxiety using a specific neutralizing
antibody. The open field test revealed that anti-CCLS5 treatment had no
effect on the locomotion ability of rats (Fig. S10a). The time spent in
the central zone in the OFT and the open armratio in the EPM test were
significantly increased in anti-CCL5 rats compared to IgG rats, sug-
gesting that systemic neutralization of CCLS reversed the anxiety
induced by RN inhibition (Fig. S10b-d).

Previously, it was thought that circulating hormones and neuro-
transmitters were the bridge between the central nervous system and
the immune system. Circulating hormones (e.g., cortisol) were pro-
duced by the neuroendocrine system” (e.g., cortisol) and
neurotransmitters®” (e.g., epinephrine and norepinephrine) were
released by nerve endings near immune cells, such as epinephrine and
norepinephrine in lymphoid organs. The finding that immune cells
themselves can secrete neuromodulators and neuroendocrine factors
leads to a deeper understanding of neuroimmune interactions®. It is
well known that the sympathetic and parasympathetic nervous system
innervated the body’s most peripheral organs. Fluorescent his-
tochemistry and radioenzymatic assay identified and confirmed that
there were noradrenergic fibers in the cervical lymph nodes of rat*.
Norepinephrine (NA) is an important modulator of immune function
that is released by the sympathetic nervous system after stress. Thus,
we detected norepinephrine (NA) in CLNs. The results showed that NA
was significantly increased both in stressed rats and in RN inhibited
rats (Fig.S11). However, to understand the specific control of RN neu-
rons to CLNs, further studies should be performed.

Inhibition of the MI-RN circuit induces anxiety-like behavior
The primary motor cortex (M1) and RN are brain regions involved in
limb motor control**. We observed mRFP+ neurons bilaterally in spe-
cific regions, including the M1 and RN (Fig. S7, S8). To determine
whether RN glutamatergic neurons targeted by M1 neurons do indeed
participate in anxiety-like behavior and CCL5 synthesis, we inject AAV1-
hSyn-Cre, an anterograde transsynaptic virus, locally into M1 and AAV-
CaMKII-DIO-GCaMPés into the RN to allow Cre-dependent expression
of GCaMPé6s in RN neurons postsynaptic to M1 neurons (Fig. 6a). In
these rats, we reliably observed persistent Ca* transients as soon as
exploratory behavior began through a recording optic fiber implanted
in the RN. Compared to control rats, RS rats showed lower Ca* signals
during exploratory behavior in both the OFT and EPM test (Fig. 6b-f
and Fig. S12).

To further confirm the contribution of the M1-RN pathway to the
regulation of anxiety-like behavior, we tested the effects of chemo-
genetic inhibition of RN glutamatergic neurons receiving direct M1
inputs on rats. To specifically inhibit RN postsynaptic neurons, the
monosynaptic anterograde transport virus AAVI-hSyn-Cre was bilat-
erally delivered to the M1, and AAV-CaMKII-DIO-hM4D(Gi)-mCherry
was bilaterally delivered to the RN (Fig. 6g). RN postsynaptic neurons
were inhibited by CNO (Fig. 6h). In hM4D(Gi)-mCherry rats, the che-
mogenetic inhibition of RN postsynaptic neurons induced by i.p.
injection of CNO decreased the time spent in the central zone in the
OFT and the open arm ratio in the EPM test (Fig. 6i, j). CCLS levels in
serum and CLNs were also increased through the chemogenetic inhi-
bition of RN postsynaptic neurons (Fig. 6k and Fig. S13a). Furthermore,
to further confirm that the M1-RN signaling pathway is associated with
stress-anxiolytic-like behavior in rats, we retrograde injection AAV-
CaMKII-betaglobin-cre-P2A-GFP into RN and inject AAV carrying a
double-floxed inverted open reading frame (ORF) (DIO) of the hM4D
(Gi) DREADD receptor and mCherry under the control of the CMV
promoter to M1 (Fig. S13b). We performed ex vivo patch-clamp
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Fig. 4 | Neuronal activity dysfunction in the RN glutamatergic neurons of per group). e, f Heatmap of the RN glutamatergic neuronal response to exploratory
control and RS rats. a Schematic of the fiber photometry setup. Ca*" transients behavior in control and RS-treated rats. g, h Averaged calcium signals in response
were recorded from RN°“M™ rats, b Schematic of fiber implantation in GCaMP6- to exploratory behavior in control and RS-treated rats. Black and red lines, mean

expressing RN glutamatergic neurons. Scale bar, 100 um, n = 6. ¢ GCaMP6 signals  calcium signal during exploratory behavior; gray area and red area, SEM.

from RN glutamatergic neurons aligned to the moment of exploratory behavior of i Quantification of the change in calcium signals from exploratory behavior in
the central zone in the open field. Control: black; RS: red. Gray areas indicate ratsin  control and RS-treated rats (two-tailed unpaired ¢ test, t =3.180, P=0.0038, n=6
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than that in control rats (two-tailed unpaired ¢ test, t =9.082, P<0.0001, n = 6 rats
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Fig. 5 | Inhibiting or ablating RN glutamatergic neurons triggered anxiety-like
behavior and an increase in CCL5. a Schematic of AAV-CaMKII-hM4D(Gi)-
mCherry injection bilaterally into the RN. Left: confocal image showing CaMKII-
hM4D(Gi)-mCherry (red) expression in RN neurons. Right: an enlarged image from
the left panel, n=3. b Current-evoked action potentials in a representative hM4Di-
infected neuron recorded before, during, and after CNO perfusion (10 mM) (n=6
neurons; two-tailed paired ¢ test, t=10.99, P=0.0001; t =14.26, P< 0.0001,
respectively). ¢ Inhibiting RN glutamatergic neurons had no effect on the loco-
motion abilities of adult rats (two-tailed unpaired ¢ test, t =1.235, P=0.2357, n=17
rats for control and 15 rats for hM4Di) but decreased the time spent in the central
zone in the OFT (two-tailed unpaired ¢ test, t =3.686, P=0.0022, n =17 rats for
control and 15 rats for hM4Di). d Inhibiting RN glutamatergic neurons led to a
downward trend in the open arm ratio and frequency (two-tailed unpaired ¢ test,
t=2.579, P=0.0150, n =15-17 rats; t =1.101, P= 0.2797, n =17 rats for control and 15
rats for hM4Di). e CCLS levels in serum were increased in hM4Di rats after CNO
injection but not in control rats (two-tailed paired ¢ test, t =2.484, P=0.0475;
t=0.2531, P=0.8087, respectively, n = 4). f Schematic of the bilateral coinjection of
AAV-CaMKII-Cre-GFP and AAV-EF1a-DIO-taCasp3-TEVP into the RN. Confocal image
showing reduced vGlul® signals ‘red) in the RN, n = 3. g Ablating RN glutamatergic
neurons increased the anxiety level of adult rats, which showed less time spent in
the central zone in the OFT than controls (two-tailed unpaired ¢ test, t=2.783,

P=0.0155, n=9 rats for control and 6 rats for ablate group). h DIO-taCasp3 rats
spent less time in the open arms than controls (two-tailed unpaired ¢ test, ¢ = 3.750,
P=0.0024, n=9 rats for control and 6 rats for ablate group). i Ablating RN gluta-
matergic neurons led to an increase in CCLS levels in serum compared to controls
(two-tailed unpaired ¢ test, t=3.757, P=0.0094, n = 4 rats). j Schematic of AAV-
CaMKII-hM3D(Gq)-mCherry injection bilaterally into the RN. Confocal image
showing CaMKII-hM3D(Gq)-mCherry (red) expression in RN neurons. k Current-
evoked action potentials in a representative hM3Dg-infected neuron recorded
before, during, and after CNO perfusion (10 mM) (n = 6 neurons; two-tailed paired ¢
test, t=15.34, P< 0.0001; t=13.22, P<0.0001, respectively). I Activating RN gluta-
matergic neurons had no effect on the locomotion abilities of adult rats (two-tailed
unpaired ¢ test, t =1.225, P=0.2396, n = 8-9 rats) but increased the time spent in the
central zone in the OFT (two-tailed unpaired t test, t=3.022, P=0.0086, n=9 rats
for control and 8 rats for hM3Dq group). m Activating RN glutamatergic neurons
led to an increase in the open arm ratio and frequency in the EPM test (two-tailed
unpaired ¢ test, t =2.432, P=0.0280, n = 8-9 rats; t = 2.431, P=0.0281, n = 9 rats for
control and 8 rats for hM3Dq group). n CCLS levels in serum were decreased in
hM3Dq stress-treated rats after CNO injection but not in RS rats (two-tailed paired ¢
test, t=3.461, P=0.0038; t=0.3152, P=0.7573, respectively, n =4). Data are pre-
sented as the mean = SEM. *P< 0.05, *P< 0.01, **P < 0.001. Source data are pro-
vided as a Source Data file.
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Fig. 6 | Inhibiting the M1-RN pathway induced anxiety-like behavior. a Left:
injection of AAV1-hSyn-Cre into the M1 and AAV-CaMKII-DIO-GCaMPé6 into the RN.
Right: a representative confocal image of GCaMP6" neurons in the RN. b, c Heatmap
showing the Ca* signals evoked by exploratory behavior in the OFT in RN gluta-
matergic neurons from control and RS-treated rats. d, e Averaged responses of
control and RS-treated rats (black and red line, mean calcium signal during
exploratory behavior; gray area and red area, SEM). f Quantification of the change
in calcium signals in response to exploratory behavior in control and RS-treated
rats (two-tailed unpaired ¢ test, t=2.429, P=0.0223, n= 6 rats per group). g Left:
injection of AAVI1-hSyn-Cre into the M1 and AAV-CaMKII-DIO-hM4Di-mCherry into
the RN. Right: a representative confocal image of hM4Di* neurons in the RN.

h Current-evoked action potentials in a representative hM4Di-infected neuron
recorded before, during, and after CNO perfusion (10 mM) (n = 6 neurons; two-

|
Il
|
| |
2 3 4 5 6

f
RS Exploratory behavior

e
Exploratory behavior 25 B
*
20 °
3 8

215 g
£ 10 52
g E

5 1

o

o
CTRL RS

Wash

L g

50 um 0
~ 600 ms 600 ms 600 ms

@

Hkk
ek

0my
=

2

@

Action potentials

o \40 2
pO N

CTRL k

*
1004 ©
<3
) ﬁ ﬁ
R
& =
[N

tailed paired ¢ test, t=17.33, P<0.0001; t=17.89, P< 0.0001, respectively). i Left:
locomotion abilities were not affected by inhibiting M1-RN projections (two-tailed
unpaired ¢ test, t=0.4938, P=0.6291, n =8 rats per group). Inhibiting M1-RN pro-
jections decreased the time spent in the central zone in DIO-hM4Di rats compared
to mCherry control rats (two-tailed unpaired ¢ test, t=4.072, P=0.0011, n = 8 rats
per group). Right: representative tracks of control and hM4Di rats in the OFT. j Both
the open arm ratio and frequency decreased significantly in hM4Di rats compared
to mCherry control rats (two-tailed unpaired ¢ test, t =2.181, 2.649, P=0.0468,
0.0191, n = 8 rats per group). Right: representative tracks of control and hM4Di rats
in the EPM. k CCLS levels in serum were significantly increased after CNO injection
(two-tailed paired ¢ test, t=5.984, P=0.0010, n =4 rats). Data are presented as the
mean = SEM. *P < 0.05, **P < 0.01, **P < 0.001. Source data are provided as a Source
Data file.
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electrophysiological experiments on M1 slices to confirm the efficacy
of DREADD-mediated inhibition in M1 neurons retrogradely labeled
from the RN. After CNO administration, a significant decrease in the
number of evoked spikes were found in retrogradely labeled M1 neu-
rons (Fig. S13c). Selective inhibition of MI-RN neuron projections
decreased the time spent in the central zone in the OFT and the open
arm ratio in the EPM test (Fig. S13d, e). CCL5 levels were increased
through selective inhibition of M1-RN neuron projections (Fig. S13f-h).
The results of presynaptic and postsynaptic manipulation experiments
indicate that the inhibition of the M1-RN pathway leads to anxiety-like
behavior and CCL5 synthesis in CLNs.

Functional connectivity of the RN was weakened in stressed
individuals in the first month post stress

To confirm the role of the RN in stress-induced anxiety, we further
analyzed the fMRI findings of stressed individuals. Compared with
controls, stressed individuals exhibited significantly decreased bilat-
eral RN functional connectivity (FC). Specifically, we found decreased
FC between the left RN and the left middle temporal gyrus and left
middle frontal gyrus (Fig. Sl4a, b). We also found decreased FC
between the right RN and the left middle temporal gyrus and right
middle temporal gyrus. After multiple comparison corrections
(p=0.05/2), the decreased FC between the left RN and the mid-
temporal gyrus and the right RN and the left mid-temporal gyrus and
right mid-temporal gyrus were still significant. The results are

summarized in Fig. S14b. These results confirmed that stress-induced
red nucleus dysfunction contributed to anxiety.

Discussion

This study characterizes a mechanism by which stress impairs gluta-
matergic neuron functions in the RN to increase inflammation in cer-
vical lymph nodes and anxiety levels. We focused on the chemokine
CCLS5 based on our clinical findings in stressed individuals, and we
identified CLNs as the main immune organs that produce CCLS in
response to stress. We showed that the manipulation of RN glutama-
tergic neuron activities can alter anxious behaviors and inflammatory
responses. These results indicated that the manipulation of peripheral
immune organs could modulate stress-induced anxiety-like behavior,
which provided a solid foundation and directions for anxiety disorder
interventions.

Brain functions can be affected by stressful events, leading to
short- and long-term behavioral changes. Our clinical study showed
that both PCL-5 and SRQ20 scores indicated that psychiatrists who
worked on the front line during the COVID-19 pandemic in Wuhan had
a higher stress level than control individuals. The GAD7 scores had no
difference between these groups. In humans, anxiety is a normal
emotion, but excessive anxiety can develop into anxiety disorder, a
chronic condition. The GAD7 is used to identify general anxiety dis-
order but cannot indicate the absence of anxiety in stressed indivi-
duals. Besides, we showed rats that experienced restraint stress spent
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less time in the open arm in the EPM test and the central zone in the
OFT, behaviors that indicate anxiety (i.e., an expression of their stress
level). Anxiety disorders and other mental disorders are distinguished
by their symptoms in humans?. However, many symptoms are shared
across these disorders in animals®. The open field test is an experi-
mental test that measures the general motor activity level, anxiety, and
willingness to explore in animals (usually rodents) in scientific studies.
Animals show an innate aversion to bright, open areas. However, they
are also motivated to explore perceived threatening stimuli. Reduced
anxiety levels lead to increased exploratory behavior. Increased anxi-
ety leads to reduced exercise and tends to move closer to the walls of
the field”*. The open arms of elevated plus maze test are designed
based on the natural propensity of rats to explore novel environments
and avoid bright, high and unprotected areas. The elevated corticos-
terone levels of rats in open arms showed that restraint with open arms
can lead to stress response®.

The concept of neuroimmunology was established by Han Selye in
the 1950s, which marked the beginning of the exploration of the
relationship between the immune system and the nervous system®**,
However, the roles of the adaptive immune system in the face of stress
and in the control of mood and anxiety have not yet been defined. It
has been reported that psychological stress may induce significant
changes in the immune system*>?¢, In our studies, we found that the
chemokine CCLS5 was significantly elevated in stressed individuals in
the acute phase both in humans and animals, but MCP-1, IL-1§3, IL-2, IL-
4, IL-6, TGF-a, TNF-a and BDNF not. CCL5 has been previously repor-
ted to be altered in subjects displaying anxiety”’, depression®®, PTSD*
and chronic stress*®, which further confirmed our findings. Although,
many studies have indicated that CCLS5 is not altered in mental
disorders**% These results were different from those of many other
studies*®**, possibly because we measured cytokines and chemokines
one month after a stressful event. In addition, the literature within the
field is inconsistent due to variables such as age, species, and cultural
factors, as well as testing conditions such as the time of day and
environment. However, these studies did not evaluate in depth the
relationship between CCL5 and the brain and anxiety. The phenom-
enon that CCLS5 can trigger chemotactic activity on T lymphocytes and
monocytes suggests that CCLS is associated with chronic inflamma-
tory diseases, such as depression** and cancers®. The results of the
current study are consistent with the higher percentage of total lym-
phocyte counts during acute laboratory stress in young adults*®. CCL5
is produced by many cell types, including myocytes, endothelial cells
and adipocytes™. We screened multiple immune tissues for CCLS
induction, showing that CCL5 was robustly induced in CLNs. Stress-
induced anxiety is a complex process evoking systemic immune
responses as well as direct responses in brain tissues”. Previous study
showed that stress can cause multiorgan damage and evoke a systemic
immune response, including cytokine and chemokine production, by
affecting translational pathways®. In this study, we demonstrated that
inhibiting the translational pathways using Anisomycin could reduce
the stress-induced anxious behavior. Translational regulation of mMRNA
shows promise as a safe and specific treatment to combat stress-
induced anxiety disorders.

While multiple brain regions have previously been implicated in
anxiety control, the need for anxiety-like behavior and inflammation in
these sites remains an open question, based on the findings of elec-
trical recordings®, retrograde tracing’®, or functional imaging
experiments®’, the necessity of any of these sites for generating
anxiety-like behavior and inflammation remains an open question.
Here, we demonstrated that the red nucleus (RN), which was identified
by PRV-based retrograde tracing from CLNs, constitutes a critical hub
in the brain circuits that control anxiety-like behavior and inflamma-
tion. It is well known that the prefrontal-thalamic circuits are related to
affective functions®.

RN, a deep gray matter structure composed of highly complex
microstructures, is the important node of the prefrontal-thalamic
circuits®?, Previous studies showed that the RN is mainly responsible
for motor-related behaviors, including motor coordination and con-
trol. Besides, the effects of RN on emotional functions, such as the
initiation of emotions™, anticipation of rewards™ and processing of
socioemotional scenes®, has also been proposed. Besides, the stimu-
lation of the RN in rodents has been found to elicit long-lasting and
intense analgesia®. Studies have suggested that the molecular reg-
ulation of antinociceptive responses in the rat RN may involve a large
network of inflammatory mediators and cytokines. Some proin-
flammatory cytokines, such as TNF-q, IL-1f, and IL-6, could be inhibited
through microinjections of monoclonal antibodies into the RN,
relieving neuropathic allodynia®*®, Although these experiments
showed the relationship between the RN and inflammatory mediators,
the associated immune organs were not identified. Our results causally
demonstrated that stress regulates CLNs through RN glutamatergic
neurons. The activation of the RN in rats produced anxiolytic effects,
which were probably mediated by the sparse anatomical connections
of the RN with the components of the ascending anxiolytic system. In
our study, we found that these RN glutamatergic neurons received M1
projections. Primary motor cortex (M1) excitability is correlated with
anxiety-related personality traits®. M1 stimulation induced a general
improvement in anxiety, depression and pain compared to sham sti-
mulation in fibromyalgia patients®. In our study, inhibiting the M1-RN
pathway induced anxiety-like behavior and CCLS5 synthesis, demon-
strating a pathway from the M1 directly to the RN for regulating
anxiety-like behavior. To confirm the role of the RN in stress-induced
anxiety, we further analyzed the fMRI findings of stressed individuals.
Compared with controls, stressed individuals exhibited significantly
decreased bilateral FC in the RN. These results further confirmed the
function of the RN in anxiety and inflammation.

Norepinephrine (NA) can be released by sympathetic nervous
system after stressful events, and affects the inflammatory response®.
Our results demonstrated that NA was significantly increased both in
stressed rats and in RN inhibited rats. NA preferentially modulates
memory CD8 T-cell function, inducing inflammatory cytokine
production®. The increase in CCL5 may be fed back to the brain
through noradrenergic fibers, thereby affecting anxiety-like behavior.
However, this is a very complicated adjustment process, and more in-
depth experiments are needed to explore the mechanisms.

This study has some limitations. First, the blood of stressed psy-
chiatrists was collected and followed up over 12 months. The first time
that we collected the blood of stressed psychiatrists was one month
following their return from stressful environments. This time gap
might have caused us to miss some information. Cortisol levels were
diminished in individuals from the stressed group, rendering the stress
questionnaire the only measure by which we confirmed these indivi-
duals’ elevated stress levels. Second, restraint stress regulates CLNs
through RN glutamatergic neurons, but we have yet to understand the
mechanism of communication between the RN and CLNs. Third, both
female and male rats were found to have increased CCLS5 levels in
blood after restraint stress exposure. However, restraint stress did not
lead to anxiety-like behavior in female rats. Further exploration and
research are needed to determine the effect of stress on RN functions
in female rats. We are carrying out follow-up studies to examine the
mechanisms of communication between the RN and CLNs in both
female and male rats. In addition, none of the controls (neither humans
nor rats) experienced any kind of novel nonstressful event; therefore,
the possibility that the RN neurons identified in this study were linked
to alearning or novel experience cannot be entirely excluded. For fMRI
results, the main analysis compared functional connectivity between
the red nucleus and every other voxel in the brain in a relatively small
sample (-35-40 subjects per group) and then used a cluster threshold
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to correct for multiple comparisons and identify significant differences
in the stressed group. There are several red flags here: the samples are
relatively small for performing tens of thousands of tests, and the
reported effects are very small as well, both in magnitude and spatial
extent. Further complicating things, subcortical / midbrain signals are
notoriously noisy in resting state fMRI datasets.

In summary, we report evidence that supports an essential role for
a group of RN neurons in controlling stress-induced anxiety-like
behavior and the inflammatory response in CLNs. Our study showed
that the RN has been functionally demonstrated to participate in
anxiety and inflammation.

Methods

Clinical study design and participants

To measure the levels of immune indicators of stress in stressed
people, we recruited psychiatrists who worked on the front line during
the COVID-19 pandemic in Wuhan between February 21 and March 31,
2020. The acute phase interview was carried out one month after they
left the stressful environment, and the two follow-up evaluations were
six months and one year later. Psychiatrists who worked in non-COVID-
19 second-line care were recruited as controls at the baseline interview.
This clinical study was approved by the Ethics Committee of Shanghai
Mental Health Center (2020-10). Written informed consent was pro-
vided by all participants prior to their enrollment. All human partici-
pants in our research underwent COVID-19 PCR/antigen testing, and
the results were negative.

Clinical evaluation

The Generalized Anxiety Disorder 7-item (GAD-7), the Patient Health
Questionnaire-9 (PHQ-9), the Self Reporting Questionnaire 20-Item
(SRQ-20) and the PTSD Checklist for DSM-5 (PCL-5) were used to
evaluate the mental disorder symptoms of all participants. The Gen-
eralized Anxiety Disorder 7-item (GAD-7) is an easy-to-use tool for
initial screening for generalized anxiety disorder. When screening for
anxiety disorders, a score of 8 or greater represents a reasonable cut-
point for identifying probable cases of generalized anxiety disorder.
The following cutoffs indicate the severity of anxiety: score 0-4,
minimal anxiety; score 5-9, mild anxiety; score 10-14, moderate anxi-
ety; and score greater than 15, severe anxiety®>®>, The Patient Health
Questionnaire-9 (PHQ-9) is a multipurpose instrument for screening,
diagnosing, monitoring, and measuring the severity of depression.
Total scores of 5, 10, 15, and 20 represent cut-points for mild, mod-
erate, moderately severe, and severe depression, respectively***. The
Self Reporting Questionnaire 20-Item (SRQ-20) can be used to detect
nonspecific psychological distress; subscales include depression/
anxiety, somatic symptoms, reduced vital energy and depressive
thoughts. Items are scored as O (symptoms absent) or 1 (symptoms
present). Scores range from O to 20, with scores >10 indicating mental
distress. Responses are yes or no®’. The DSM-5 PTSD Checklist (PCL-5)
is a 20-item self-reported measure that assesses 20 DSM-5 PTSD
symptoms. When using the PCL-5 severity score for interim diagnosis,
the characteristics of the respondent’s environment should be
considered®®®’.

The objectives of the assessment should also be considered. A
lower cut-point score should be considered at screening or when
maximum detection of possible cases is required. Higher cut point
scores should be considered when attempting to make a provisional
diagnosis or minimize false positives. Demographic data was self-
reported by participants, including gender (male or female), age,
marital status (unmarried, married, divorced, or widowed), and years
of education.

Immune indicator measurement
Peripheral blood samples of the stressed psychiatrist group were col-
lected in the acute phase and at the two follow-up interviews, while

those of the control group were collected only at baseline and at the 12-
month follow-up. The plasma cytokine and chemokine levels were
measured for all psychiatrists. Plasma cytokine and chemokine levels
were measured using the ProcartaPlex™ Human Inflammation Panel 10
Plex (Invitrogen) in a Luminex 200 multiplexing instrument (Milli-
poreSigma). This system allowed us to obtain quantitative measure-
ments for 10 different cytokines and chemokines, including MCP-1, IL-
1B, IL-4, IL-10, TNF-a, IFN-y, IL-2, IL-6, TGF-a and CCL5. A CCL5
(RANTES) ELISA kit (ab174446, human RANTES ELISA Kit (CCLS),
Abcam) was used to confirm the Luminex results and measure the
CCL5 concentration at follow-ups. In addition, we determined the
plasma BDNF and cortisol concentrations using a human BDNF
Quantikine ELISA kit (DBDOO, R&D Systems) and a human cortisol
competitive ELISA kit, (Invitrogen, Thermo Fisher).

fMRI

Eighty-three participants were recruited, including forty-four stressed
psychiatrists and thirty-nine demographically matched controls. Brain
scanning was performed using the 3.0 T SIEMENS MAGNETOM Prisma
at Renji Hospital. Resting-state functional images were acquired using
an acquisition time of 452 s, a repetition time of 2000 ms, an echo time
of 30 ms, a flip angle of 90°, a voxel size of 3.3*3.6*2.4 mm, a field of
view of 230*230 mm?, a slice number of 70 and 220 time points.
Structural MRI images were also acquired using an acquisition time of
221s, arepetition time of 1800 ms, an echo time of 2.28 ms, a flip angle
of 8°, a voxel size of 1*1*1 mm, a field of view of 256*256 mm?, and a slice
number of 160. Participants were asked to close their eyes and relax
but not fall asleep during scanning.

Imaging acquisition. DPABI_V3.0 software (Data Processing & Analysis
for Brain Imaging, http://www.restfmri.net) and SPMI12 in MATLAB
2019a (Statistical Parametric Mapping Software, http://www.Lion.ucl.
ac.uk/spm) were used to analyze the resting Fmri. We removed the first
10 volumes and left 210 volumes for everyone. We excluded partici-
pants with a maximum head movement greater than 2 mm during
resting fMRI scans, or participants with an absolute motion rotation
greater than 2° based on pretreatment analyses. 4 controls and 7
emergency psychological responders (EPRs) were excluded due to
excessive head motion, leaving the final sample of 37 EPRs and 35
controls described above. We regressed the nuisance covariates and
examined the structural images. Manual reorientation was performed
to align the anterior commissure with the origin, and then co-
registered with the mean functional image. DARTEL (Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra) algo-
rithm was applied to segment the cerebrospinal fluid, white matter,
and gray matter. Then, based on the parameters obtained during
segmentation, DARTEL was used to normalize the functional images
into the standard Montreal Neurological Institute (MNI) space in a
3 x3x3 mm voxel size. It is then smoothed using a Gaussian kernel
with a 4 mm full-width at half-maximum value (FWHM). Finally, the
execution time bandpass filtering (0.01-0.1 Hz). In the following ana-
lyses, average FD (frame displacement) was calculated as a covariate to
exclude potential influence of head motion.

Functional connectivity analysis. First, we defined two functional
regions of interest (ROIs) in the analysis: left and right red nuclei (RNs)
and generated ROIs for RN using WFU PickAtlas software®, We then
used bilateral RN as ROI for voxel rsFC analysis between each seed and
whole brain voxels via DPABI. Calculate the average time series of the
seed and correlate it with the time series of all other whole voxels. The
relevant r-mapping is then converted to a z-map by Fisher’s r-to-z
transformation. The full factorial model was used to test the rsFC
difference of the seven seeds in the three groups by SPM12 in the
general linear model, and the mean FD was used as the covariate.
Finally, rsFC differences between EPR and control were examined. If
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the cluster reaches the voxel level threshold P < 0.001 with the cluster
level P (FDR correction) <0.05 and the cluster size >30 voxels, the
cluster is considered to exhibit significant group differences.

Rats

All procedures involving rats were approved by the Shanghai Jiao Tong
University Institutional Animal Care and Use Committee and in line
with the National Institutes of Health (NIH) guidelines. Rats were kept
in fully equipped facilities in the laboratory animal center of Shanghai
Jiao Tong University. Both male and female rats were used in our study.
For restraint stress and unpredictable chronic mild stress (CUMS)
models, SD rats (Jackson Labs) at PND 64-90 were used in our
experiments. For the early life stress model, as we did before®’. Simply,
two female SD rats in each animal facility mate with one male. Males
are removed after a week and females are separated into separate
cages 1-3 days before giving birth. We applied an unpredictable
maternal separation protocol in which whole litters were moved to
other cages apart from their mothers for 4 h/day*’. The offspring are
weaned at PND 21, and the males and females are weaned separately,
placed in cages of 3-4 rats.

Restraint stress

An established restraint stress protocol was used to induce anxiety-like
behavior in rats. Adults (PND 63-70) were placed in a ventilated plastic
cylinder for 2 h a day for 3 days. Restraint stress is provided by placing
rats in restraining cylinders that fit closely with their body size and
drilled holes to allow free breathing, and then housed the rats in
homecare. The restraint time, duration, and frequency are the same for
different batches. Control rats are moved from the feeding chamber to
the testing chamber and processed for 2-4 min before returning to the
feeding chamber after 2 h.

Chronic unpredictable mild stress (CUMS)

The animals were exposed to a variable sequence of mild and unpre-
dictable stressors for 5 weeks. A total of nine different stressors were
used, with two stressors per day, including cage tilting (45°) for 12 h,
paired caging for 12 h, water deprivation for 12 h, wet cages for 12 h,
continuous illumination in the dark cycle for 12 h, restraint stress for
2 h, cold swimming for 5 min, tail pinch for 1 min, and food deprivation
for 12 h.

Early-life stress

To evaluate the effects of early-life stress on immune response, we
used the maternal separation for 2-4 h/day in rats’’. Unpredictable
maternal separation protocol was used in our study®. As shown in our
precious study, postnatal stress had no effect on the offspring survival,
food or water intake and coat condition or barbering behavior.

Behavioral testing procedures

We conducted these behavioral tests in the light cycle. Tracking soft-
ware (Ethovision, Noldus, Netherlands) was used to videotape and
analyze the behavioral tests data. During tests, the order of rats was
random. Rats had a minimum acclimation period of 3 days prior to the
behavioral tests. For pre-experimentation handling, we removed the
rat from its cage and either simply held or stroked the animal for a
duration of no less than one minute at least once per day for 3 days
prior to behavioral assays.

Open field test. The open field apparatus is a 60 x 60 x 60 cm plex-
iglass arena with transparent walls and a blue floor with a central area
of 30 x 30 cm. The test was conducted in dim light conditions without
the presence of experimenters. Test rats are placed in a corner of the
open field. Over a 10-min test period, the total distance moved, the
speed of movement, the frequency of transfers between the center
zone and the surrounding area, and the time spent in the center zone

were recorded. Clean the device with 75% alcohol between tests. No
animals were excluded from the open field test.

Elevated plus maze test. The apparatus consists of two open arms
(60 x 15 cm) and two closed arms (60 x 15 cm), with a gray wall (50 cm)
without a roof connected by a central square platform (15x15cm),
60 cm from the ground. Place the test rat in the central area of the EPM,
facing the open arm. Allow the rat to move freely in the maze for 5 min.
Noldus software automatically analyzes the distance traveled, the time
spent on each arm, and the number of times it has entered each arm.
Animals that fell from their open arms were excluded from the ana-
lysis. Clean the device with 75% alcohol between tests.

Lymphadenectomy

The rat was anesthetized using oxygen and isoflurane (5%) (R510-22-10,
RWD Life Science Co., Ltd., China) with a flow rate of 1.0L/s in an
induction chamber. To verify that the rat was asleep, its tail was pin-
ched and rolled. If the rat did not react, the surgery was performed.
Cervical lymph nodes (CLNs) were removed. Ointment was applied on
the rat eyes before surgery to avoid eye dryness. A very small incision
(approximately 5 mm) in the neck was made with sharp scissors. The
incision was stretched with 2 forceps to see the LNs. The incision depth
could reach 10 mm. The superficial CLN appeared grayish or darker
than the surrounding fat. The fascia (the thin membrane covering the
fat and tissue) on top of the LN was pinched with one set of forceps and
pulled lightly without breaking the surrounding tissue. The second set
of forceps was placed as far as possible underneath the LN. With the set
of first forceps, the fascia was broken, and the superficial CLN was
removed. The absence of hairs in the wound was verified.

ELISA

Corticosterone/CCL5/NA concentrations were measured in rat serum.
Blood samples were collected from the tail tips of rats into capillary
tubes. Blood was allowed to clot for 30 min at room temperature and
centrifuged at 3000 x g for 20 min at 4 °C, and serum was collected
and stored at —80 °C. Corticosterone was quantified by enzyme-linked
immunosorbent assay (ELISA, parameter corticosterone assay
KGEOO09, R&D systems) according to the assay instructions. CCL5 was
quantified by ELISA (EKO496, Rat RANTES ELISA Kit, BOSTER)
according to the assay instructions. NA was quantified by ELISA
(D751020, (NA/NE) ELISA, Sangon Biotech) according to the assay
instructions. All samples were run in duplicate and counterbalanced
across plates and were within the standard curve.

Flow cytometry and intracellular cytokine staining

Lymph nodes or blood samples were subjected to flow cytometry
using Celesta (BD) and the following fluorescence-labeled antibodies:
BV510-conjugated anti-CD45, APC-conjugated anti-CD3, FITC-
conjugated anti-CD4, Percp-5.5-conjugated anti-CD8, and PE-
conjugated anti-CD45RC. CD8+T cells were isolated from the
lympho-nodes (LNs) of adult rats using anti-CD8 magnetic beads
(Miltenyi Biotec). For intracellular cytokine staining, T cells were
obtained immediately from the CLNs of stressed rats and then per-
meabilized using intracellular staining permeabilization wash buffer
(eBioscience, 88-8824-00). Then, intracellular CCL5 was analyzed by
flow cytometry.

Immunohistochemistry and imaging

Rats were terminally anesthetized with isoflurane and O, and trans-
cardially perfused with PBS followed by 4% paraformaldehyde (PFA),
and brains, lymph nodes and spleens were postfixed for 24 hin 4% PFA
at 4 °C. Brains, lymph nodes and spleens were then dehydrated in 30%
sucrose at 4 °C until sinking to the bottom of the 50 mL tube. Coronal
sections were made on a freezing vibratome at a thickness of 30 um.
Sections of selected areas were blocked by incubation in PBS plus 4%
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normal goat serum and 0.1% Triton X-100 for 1 h at room temperature
and subsequently incubated with c-fos antibody (1:5000, rabbit, Invi-
trogen), vGlutl antibody (1:500, rabbit, Invitrogen), GABA antibody
(1:200, rabbit, Invitrogen), or CCL5 antibody (1:500, rabbit, Invitrogen)
at 4 °C overnight. Incubated slices were then incubated for 2 h with a
1:1000 dilution of Alexa Fluor 488 goat anti-rabbit IgG (1:1000, Thermo
Fisher Scientific) at RT. The sections were mounted on slides and
coverslipped. All images were obtained using FLUOVIEW FV1200
confocal microscopes (Olympus) and Olympus VS200. Digitalized
images were analyzed using Fuji (NIMH, Bethesda MD, USA).

RNA isolation and qRT-PCR

Frozen tissues were used to isolate total RNA by QIAzol lysis reagent
and purified using the miRNAeasy mini kit (Qiagen). A high-capacity
cDNA reverse transcription kit (Life Technologies) was then used to
obtain cDNA. PCR experiments were done twice using SYBR Premix Ex
Taq (Takara Bio). the CFX96 Touch Real-Time PCR Detection System
(Bio-Rad) was applied to detect and analyze the fluorescence signals.
The primers are exhibited in Table S5. To normalize the values, the
values of GAPDH mRNA were used, and then the levels are normalized
to those of controls.

RNA-seq analysis

The CLNs from rats were dissected for RNA-Seq. Total RNA was
extracted using TRIzol Reagent (Invitrogen) according to the manu-
facturer’s protocol. Read count normalization and gene expression
estimation were performed by HTSeq. Samples were filtered for
protein-coding and long noncoding RNAs, raw counts were summed
across all samples (Table S5), and the bottom 25% were removed to
eliminate genes with very low expression. Subsequently, pairwise dif-
ferential expression comparisons were performed using Voom Limma.
A nominal significance threshold of p < 0.05 and fold change >2.0 was
used. Enrichment between gene lists was analyzed using DAVID (2021
Update). Heatmap and volcano plot analyses of expression levels were
analyzed using R4.2.0.

Retrograde transsynaptic PRV tracing

For retrograde transsynaptic tracing experiments, rats were anesthe-
tized with isoflurane and O, and placed on a heated pad. The lymph
node was exposed through an incision in the side of the neck. The
injection was performed via the insertion of a glass micropipette into
the lymph node to a depth of 0.5-1.0 mm. For each lymph node, 1 uL of
PRV-RFP (1.71x10® PFU/mL) was injected at a speed of 100 nL/min
using a pump. The glass micropipette was held in place for 5 min after
each injection. After PRV injection, the lymph node was put back into
the neck, and the wound was sutured. For histological experiments,
rats were sacrificed on Days 2, 3, 4, 6 after PRV injection.

AAVs

We used the following AAVs in the study: AAV-hSyn-GCaMP6f (AAV2/9,
titer: 2.59 x 10" viral particles/mL; for optical fiber-based Ca®* record-
ings), AAV-CaMKlla-hM4D(Gi)-mCherry (AAV9, titer: 6.52x 10" viral
particles/mL; for chemogenetic inhibition of RN excitatory neurons),
AAV-CaMKlla -hM3D(Gq)-mCherry (AAV2/9, titer: 5.29 x 10* viral par-
ticles/mL; for chemogenetic activation of RN excitatory neurons), AAV-
CaMKIlla-Cre-GFP (AAV2/8, titer: 1.14x10" viral particles/mL; for
ablating RN excitatory neurons), AAV-EF1a-DIO-taCasp3-TEVp (AAV2/
9, titer: 1.16 x 10" viral particles/mL; for ablating RN excitatory neu-
rons), AAV-hSyn-Cre (AAV1, titer: 1.52x10" viral particles/mL, for
anterograde trans-synaptic tracing experiments), AAV-EFla-DIO-
GCaMP6s (AAV9, titer: 1.34 x 10" viral particles/mL, for optical fiber-
based Ca* recordings), AAV-CaMKlla-DIO-hM4D(Gi)-mCherry (AAV9,
5.29 x 10" viral particles/mL; for chemogenetic inhibition of M1-RN
excitatory neurons), and AAV-CMV-beta globin-cre-GFP (AAV2, titer:

1.36 x 10" viral particles/mL; for chemogenetic inhibition of M1-RN
neurons). All AAVs were purchased from Vigene Biosciences (Shan-
dong, China), BrainVTA Technology Co., Ltd.

Stereotaxic surgery

Rats were anesthetized with isoflurane (R510-22, RWD China, 4-5%
induction, 1-2% maintenance), by inhalation of O,, and then placed in a
stereotaxic frame. Exposing the skull surface, bilateral AAV infusion
was administered bilaterally using a 33-gauge syringe needle (Hamil-
ton) at a rate of 0.067 pL/min. The brain coordinates of the injection
were selected according to the rat brain atlas: RN (AP: —6.00 mm; ML:
+0.80 mm; DV: 7.60 mm from dura mater) and M1 (AP: +1.00 mm; ML:
+2.40 mm); DV: 1.60 mm from dura). Rats that had been injected with
AAVs were allowed 3 weeks to recover and for the viral transgenes to
be adequately expressed before being subjected to behavioral
experiments. The viral injection amount was 0.8 pL for M1 and 0.5 pL
for RN. Animals where the virus injection space is inaccurate or the
virus spreads significantly outside the target area are excluded from
the analysis.

To functionally manipulate the RN, AAV-CaMKIla-hM4D(Gi)-
mCherry, AAV-CaMKlla -hM3D(Gq)-mCherry or a mixture of AAV-
CaMKlla-Cre-GFP and AAV-EFla-DIO-taCasp3-TEVp was bilaterally
injected into the RN. AAV-CaMKIlla-mCherry or AAV-flex-taCasp3-TEVp
was bilaterally injected into the same coordinates as the control group.
To functionally manipulate the M1-RN neural circuit, AAV-hSyn-Cre
was bilaterally injected into the M1, and AAV-CaMKIlla-DIO-hM4D(Gi)-
mCherry was bilaterally injected into the RN. Following viral injection,
rats were allowed to recover for at least 3 weeks before being subjected
to behavioral tests and histological analysis.

Optical-fiber-based Ca** recording of freely behaving rats
Optical-fiber-based Ca®* recording was performed using a Multi-
Channel Fiber Photometry Device (inper, Hangzhou, China). An opti-
cal fiber (200 um in diameter, NA 0.37, Black Ceramic @2.5 mm, inper,
China) was slowly inserted into the RN. The optic fiber was glued to a
short cannula, and the fiber tip was extended approximately 1 mm out
of the cannula. Neuronal Ca*" signals and behavior videos were
recorded simultaneously using InperStudio (inper, Hangzhou, China).
All fiber photometry data and behavior videos were aligned offline
through event markers using Inper Data Process (inper, Hangzhou,
China) and analyzed by metlab2022a.

Drugs
To inhibit mRNA translation in lymph nodes, we intraperitoneally
administered anisomycin (57409, Selleck) dissolved in 2% DMSO +
corn oil at a dose of 7 mg/kg before exposure to restraint stress. For
control experiments, the same volume of 2% DMSO +corn oil was
injected into the control rats.

For chemogenetic inhibition of RN excitatory neurons, at least
3 weeks after viral injection, we intraperitoneally administered cloza-
pine N-oxide (CNO, Selleck) dissolved in physiological saline (0.9%
NaCl) at a dose of 3 mg/kg in a volume of 1 mL/kg 30 min before the
behavioral test. For chemogenetic activation of RN excitatory neurons,
at least 3 weeks after viral injection, we intraperitoneally administered
clozapine N-oxide (CNO, Selleck) dissolved in physiological saline
(0.9% NaCl) at a dose of 3 mg/kg in a volume of 1 mL/kg 2 h and 30 min
before exposure to restraint stress. After 3 days of restraint stress
exposure, the rats were subjected to behavioral tests.

Systemic neutralization of CCL5

Monoclonal antibodies recognizing CCL5 or control IgG were admi-
nistered intraperitoneally (250 pg/rat in sterile PBS) to rats injected
with AAV-CaMKIla-hM4D(Gi)-mCherry in the RN immediately after
CNO injection.
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Brain slice preparation

Rats were anesthetized with isoflurane and perfused with 50 mL of
chilled dissection buffer (25.0 mM NaHCO3, 1.25 mM NaH,PO,, 2.5 mM
KCI, 0.5 mM CaCl,, 7.0 mM MgCl,, 25.0 mM glucose, 110.0 mM choline
chloride, 11.6 mM ascorbic acid and 3.1 mM pyruvic acid, gassed with
95% 0O, and 5% CO,). Coronal M1 and RN slices of 300/200 pum thick-
ness were sectioned in chilled dissection buffer with a VT1000s
vibratome (Leica). Slices were incubated in oxygenated artificial cere-
brospinal fluid (ACSF), left to recover for 90 min at 37 °C, and then
transferred to room temperature until the electrophysiological
recordings were obtained.

Electrophysiological recordings

Prepare 200 pm thick brain slices containing RN using a vibratome
(Leica) and ice-cold cutting solution (kynurenic acid 3 mM, NaHCO;
26.2 mM, MgCl, 4.9 mM, CaCl, 1.22 mM, glucose 1.25 mM and sucrose
225 mM). Electrophysiological recordings were done as in previous
study®’. Simply, incubate sections containing RN in ACSF at 31°C and
then at room temperature. Then, the sections were transferred to the
recording chamber. Perfused ACSF at 2 mL/min and oxygenate with
95% 0, and 5% CO,. Neurons were observed using an IR camera on
Olympus U-TLUIR. Whole-cell patch-clamp recordings (multiclamp
700B amplifier) were applied to record the neurons. ACSF were per-
fused at 4 mL/min during recording. Borosilicate glass pipettes were
pulled on the Sutter Instrument P-97 micropipette puller and then
used to record. After fire polishing, the resistance range was 2-5 MQ to
improve the quality of the seal. For plasticity experiments and exci-
tatory transmission recordings, the internal solution were as follows: K
gluconate 140 mM, KCI 5mM, creatine phosphate 10 mM, MgCI2
2mM, Na2ATP 4 mM, Na3GTP 0.3 mM, EGTA 0.2mM and HEPES
10 mM, pH 7.3, osmolarity 300.

100 uM NASPM was applied. For IPSC recordings, cells with a
capacitance higher than 30 pF were screened, and the internal solution
contained 30 mMK gluconate, 100 mM KCI, 10 mM creatine phos-
phate, 4 mM MgCl,, 3.4 mM Na,ATP, 0.1 mM Na;GTP, 1.1 mM EGTA and
5mM HEPES, pH 7.3, osmolarity 289. The internal solution for elec-
trophysiological profiling experiments contained 130 mM K gluconate,
10 mM creatine phosphate, 4 mM MgCl,, 3.4 mM Na,ATP, 0.1mM
Nas;GTP, 1.1 mM EGTA and 5 mM HEPES, pH 7.3, osmolarity 289. Cur-
rent clamp recordings were filtered at 2.5kHz and sampled at 5 kHz.
Voltage clamp recordings were filtered at 2.5kHz and sampled at
10 kHz. To examine the effect of RS on the excitability of pyramidal
neurons in RN, we injected a continuous current from -100 pA to 450
pA in steps of 50 pA for 500 ms. Current was injected into the current
clamp every 60 seconds. Electrophysiological recordings were per-
formed under double-blind conditions.

Western blotting

Both lymph node and brain tissues were extracted by RIPA buffer
(Beyotime, China) containing 1% phenylmethanesulfonyl fluoride
(PMSF; Beyotime, China) and 1% protein inhibitor (PI; Beyotime,
China). The protein concentrations were determined using the Pierce™
BCA Protein Assay Kit (Thermo Scientific). Proteins were separated by
4-12% SDS-PAGE gel electrophoresis and then transferred electro-
phoretically onto nitrocellulose membranes (0.45 um; Bio Basic, Inc.).
For immunoblotting, the membrane was blocked with 5% nonfat milk.
After incubation with a specific primary antibody, a horseradish
peroxidase-conjugated secondary antibody was applied. The positive
immune reaction signal was detected by ECL detection kits (GE
Healthcare, UK).

Statistical and reproducibility analyses

Clinical data were analyzed using SPSS statistics 26. Analyzed the sta-
tistical significance of all animal data using GraphPad Prism software.
To compare multiple groups or multiple measurements, we used one-

way analysis of variance (ANOVA). For multigroup or multiple analyses,
we first assessed the normality of the distribution using normality and
lognormality tests. A p > 0.05 meant that the distribution was normal.
Instead, nonparametric tests were used. Normally distributed data
were tested for homogeneity of variance. The Brown-Forsythe test
and the Bartlett test were used to test for homogeneity of variance:
p>0.05, homogeneity was met; p<0.05, it was violated, then
Brown-Forsythe and Welch ANOVA tests were used. For one-way
ANOVAs with multiple comparisons across groups, Tukey’s multiple
comparisons tests were used. For between-subject comparisons after
two-way ANOVA, Bonferroni’'s multiple comparison tests were used,
and for a within-subject comparison Fisher’s single comparison tests
were used. Littermates are randomly assigned to experimental groups,
and animals are tested in random order. The data were analyzed by
researchers who were unaware of the experimental conditions and
were not informed during data collection.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All the data associated with
this study are present in the paper or the Supplementary Materials. The
raw sequence data reported in this paper have been deposited in the
Genome Sequence Archive” in National Genomics Data Center’?, China
National Center for Bioinformation / Beijing Institute of Genomics,
Chinese Academy of Sciences (GSA: CRA012614) that are publicly
accessible at https://ngdc.cncb.ac.cn/gsa. Source data are provided
with this paper.

References

1. Cui, C. et al. New insights on neurobiological mechanisms under-
lying alcohol addiction. Neuropharmacology 67, 223-232 (2013).

2. Lupien, S. J., McEwen, B. S., Gunnar, M. R. & Heim, C. Effects of
stress throughout the lifespan on the brain, behaviour and cogni-
tion. Nat. Rev. Neurosci. 10, 434-445 (2009).

3. Mazza, M. G. et al. Anxiety and depression in COVID-19 survivors:
role of inflammatory and clinical predictors. Brain Behav. Immun.
89, 594-600 (2020).

4. Li, M. X. et al. Gene deficiency and pharmacological inhibition of
caspase-1 confers resilience to chronic social defeat stress via
regulating the stability of surface AMPARs. Mol. Psychiatry 23,
556-568 (2018).

5. Shi, D. D. et al. Chemotherapy-induced cognitive impairment is
associated with cytokine dysregulation and disruptions in neuro-
plasticity. Mol. Neurobiol. 56, 2234-2243 (2019).

6. Glaser, R. & Kiecolt-Glaser, J. K. Stress-induced immune dysfunc-
tion: implications for health. Nat. Rev. Immunol. 5, 243-251 (2005).

7. Cain, D. W. & Cidlowski, J. A. Immune regulation by glucocorticoids.
Nat. Rev. Immunol. 17, 233-247 (2017).

8. Haroon, E., Raison, C. L. & Miller, A. H. Psychoneuroimmunology
meets neuropsychopharmacology: translational implications of the
impact of inflammation on behavior. Neuropsychopharmacology
37, 137-162 (2012).

9. Elenkov, I. J., Wilder, R. L., Chrousos, G. P. & Vizi, E. S. The sympa-
thetic nerve-an integrative interface between two supersystems:
the brain and the immune system. Pharm. Rev. 52, 595-638 (2000).

10. Zhang, X. et al. Brain control of humoral immune responses
amenable to behavioural modulation. Nature 581, 204-208 (2020).

1. Wang, S. et al. Anti-human TREM2 induces microglia proliferation
and reduces pathology in an Alzheimer’s disease model. J. Exp.
Med. 217, 20200785 (2020).

12. Chu, C. et al. The microbiota regulate neuronal function and fear
extinction learning. Nature 574, 543-548 (2019).

Nature Communications | (2023)14:6923

15


https://ngdc.cncb.ac.cn/gsa

Article

https://doi.org/10.1038/s41467-023-42814-1

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kroenke, K., Spitzer, R. L. & Williams, J. B. The PHQ-9: validity of a
brief depression severity measure. J. Gen. Intern Med. 16,
606-613 (2001).

Toussaint, A. et al. Sensitivity to change and minimal clinically
important difference of the 7-item Generalized Anxiety Disorder
Questionnaire (GAD-7). J. Affect Disord. 265, 395-401 (2020).
Morrison, K., Su, S., Keck, M. & Beidel, D. C. Psychometric properties
of the PCL-5 in a sample of first responders. J. Anxiety Disord. 77,
102339 (2021).

Chen, S. et al. Psychometric properties of the Chinese version of the
Self-Reporting Questionnaire 20 (SRQ-20) in community settings.
Int J. Soc. Psychiatry 55, 538-547 (2009).

Yu-Ju, Wu. C. et al. CCL5 of glioma-associated microglia/macro-
phages regulates glioma migration and invasion via calcium-
dependent matrix metalloproteinase 2. Neuro Oncol. 22,

253-266 (2020).

Swanson, B. J., Mitchell, T. C., Kappler, J. & Marrack, P. RANTES
production by memory phenotype T cells is controlled by a post-
transcriptional, TCR-dependent process. Immunity 17,

605-615 (2002).

Rizzi, G., Coban, M. & Tan, K. R. Excitatory rubral cells encode the
acquisition of novel complex motor tasks. Nat. Commun. 10,

2241 (2019).

Yuan, Y. et al. Reward inhibits paraventricular CRH neurons to
relieve stress. Curr. Biol. 29, 1243-1251 €1244 (2019).

Brain, E. & Leonard, C. S. Stress and the immune system in the
etiology of anxiety and depression. Pharmacol. Biochem. Behav. 54,
299-303 (1996).

Das, M. & Mohapatra, S. S. New perspectives on central and per-
ipheral immune responses to acute traumatic brain injury. J. Neu-
roinflammation 9, 236 (2012).

Dantzer, R. Neuroimmune interactions: from the brain to the
immune system and vice versa. Physiol. Rev. 98, 477-504 (2018).
Louis, T., Giron, K. A. C., & Davis, J.N. Lymph nodes-a possible site
for sympathetic neuronal regulation of immune responses. Ann.
Neurol. 8, 520-525 (1980).

Sanders, V. M. & Straub, R. H. Norepinephrine, the beta-adrenergic
receptor, and immunity. Brain Behav. Immun. 16, 290-332 (2002).
Massion, J. Red nucleus past and future. Behav. Brain Res. 28,

1-8 (1988).

Association, A. P. Diagnostic and Statistical Manual of Mental Dis-
orders: DSM-5, 5 edn. (American Psychiatric Publishing, Inc, 2013).
Devi, S. et al. Adrenergic regulation of the vasculature impairs
leukocyte interstitial migration and suppresses immune responses.
Immunity 54, 1219-1230.e1217 (2021).

Denenberg, V. H. Open-field behavior in the rat: what does it mean?
Ann. N. Y Acad. Sci. 159, 852-859 (1969).

Stanford, S. C. The Open Field Test: reinventing the wheel. J. Psy-
chopharmacol. 21, 134-135 (2007).

Sturman, O., Germain, P. L. & Bohacek, J. Exploratory rearing: a
context- and stress-sensitive behavior recorded in the open-field
test. Stress 21, 443-452 (2018).

Pellow, S. & File, S. E. Anxiolytic and anxiogenic drug effects on
exploratory activity in an elevated plus-maze: a novel test of anxiety
in the rat. Pharm. Biochem Behav. 24, 525-529 (1986).

Selye, H. A syndrome produced by diverse nocuous agents. Nature
138, 32 (1936).

Alison Fife PJBaDLF. Psychoneuroimmunology and cancer: histor-
ical perspectives and current research. Adv. Neuroimmunol. 6,
179-190 (1996).

Slavich, G. M. & Irwin, M. R. From stress to inflammation and major
depressive disorder: a social signal transduction theory of depres-
sion. Psychol. Bull. 140, 774-815 (2014).

Qing, H. et al. Origin and function of stress-induced IL-6 in murine
models. Cell 182, 372-387.e314 (2020).

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Ogtodek, E. A., Szota, A. M., Just, M. J., Mos, D. M. & Araszkiewicz, A.
The MCP-1, CCL-5 and SDF-1 chemokines as pro-inflammatory
markers in generalized anxiety disorder and personality disorders.
Pharm. Rep. 67, 85-89 (2015).

Camacho-Arroyo, I. et al. Chemokine profile in women with mod-
erate to severe anxiety and depression during pregnancy. BMC
Pregnancy Childbirth 21, 807 (2021).

Hoge, E. A. et al. Broad spectrum of cytokine abnormalities in panic
disorder and posttraumatic stress disorder. Depress Anxiety 26,
447-455 (2009).

Polacchini, A. et al. Distinct CCL2, CCL5, CCL11, CCL27, IL-17, IL-6,
BDNF serum profiles correlate to different job-stress outcomes.
Neurobiol. Stress 8, 82-91 (2018).

Roomruangwong, C., Sirivichayakul, S., Carvalho, A. F. & Maes, M.
The uterine-chemokine-brain axis: menstrual cycle-associated
symptoms (MCAS) are in part mediated by CCL2, CCL5, CCLT11,
CXCL8 and CXCL10. J. Affect Disord. 269, 85-93 (2020).

Shen, Y. et al. Altered plasma levels of chemokines in autism and
their association with social behaviors. Psychiatry Res. 244,
300-305 (2016).

Bocchio-Chiavetto, L. et al. Immune and metabolic alterations in
first episode psychosis (FEP) patients. Brain Behav. Immun. 70,
315-324 (2018).

Leighton, S. P. et al. Chemokines in depression in health and in
inflammatory illness: a systematic review and meta-analysis. Mol.
Psychiatry 23, 48-58 (2018).

Ding, H. et al. CCL5 secreted by tumor associated macrophages
may be a new target in treatment of gastric cancer. Biomed. Phar-
macother. 77, 142-149 (2016).

Marsland, A. L. et al. Lymphocyte subset redistribution during acute
laboratory stress in young adults: mediating effects of hemo-
concentration. Health Psychol. 16, 341-348 (1997).

McEwen, B. S. et al. Mechanisms of stress in the brain. Nat. Neurosci.
18, 1353-1363 (2015).

Williams, L. M. Precision psychiatry: a neural circuit taxonomy for
depression and anxiety. Lancet Psychiatry 3, 472-480 (2016).
Lianping Zhao, G. C. et al. Alteration of red nucleus microstructure
in depressive bipolar ii disorder and unipolar depression: a diffusion
Kurtosis and perfusion imaging study. Neuropsychiatry (Lond.) 9,
2086-2097 (2019).

Yamamuro, K. et al. A prefrontal-paraventricular thalamus circuit
requires juvenile social experience to regulate adult sociability in
mice. Nat. Neurosci. 23, 1240-1252 (2020).

Andreasen, N. C., Paradiso, S. & O’Leary, D. S. “Cognitive dysmetria”
as an integrative theory of schizophrenia: a dysfunction in cortical-
subcortical-cerebellar circuitry? Schizophr. Bull. 24, 203-218 (1998).
Gong, N. J.,, Wong, C.S., Chan, C.C., Leung, L. M. & Chu, Y. C. Aging
in deep gray matter and white matter revealed by diffusional kur-
tosis imaging. Neurobiol. Aging 35, 2203-2216 (2014).

Damasio, A. & Carvalho, G. B. The nature of feelings: evolutionary
and neurobiological origins. Nat. Rev. Neurosci. 14, 143-152 (2013).
Yan, C. et al. Rostral medial prefrontal dysfunctions and con-
summatory pleasure in schizophrenia: a meta-analysis of functional
imaging studies. Psychiatry Res. 231, 187-196 (2015).

Van den Stock, J., Hortensius, R., Sinke, C., Goebel, R. & de Gelder,
B. Personality traits predict brain activation and connectivity when
witnessing a violent conflict. Sci. Rep. 5, 13779 (2015).

Wang, J. et al. Transforming growth factor-beta in the red nucleus
plays antinociceptive effect under physiological and pathological
pain conditions. Neuroscience 291, 37-45 (2015).

Zhang, Q. et al. The red nucleus TNF-a participates in the initiation
and maintenance of neuropathic pain through different signaling
pathways. Neurochem. Res. 40, 1360-1371 (2015).

Ding, C.P., Guo, Y. J.,, Li, H.N., Wang, J. Y. & Zeng, X. Y. Red nucleus
interleukin-6 participates in the maintenance of neuropathic pain

Nature Communications | (2023)14:6923

16



Article

https://doi.org/10.1038/s41467-023-42814-1

through JAK/STAT3 and ERK signaling pathways. Exp. Neurol. 300,
212-221 (2018).

59. Wassermann, E. M., Greenberg, B. D., Nguyen, M. B. & Murphy, D. L.
Motor cortex excitability correlates with an anxiety-related per-
sonality trait. Biol. Psychiatry 50, 377-382 (2001).

60. Curatolo, M. et al. Motor cortex tRNS improves pain, affective and
cognitive impairment in patients with fibromyalgia: preliminary
results of a randomised sham-controlled trial. Clin. Exp. Rheumatol.
35, 100-105 (2017).

61. Slota, C., Shi, A., Chen, G., Bevans, M. & Weng, N. P. Norepinephrine
preferentially modulates memory CD8 T cell function inducing
inflammatory cytokine production and reducing proliferation in
response to activation. Brain Behav. Immun. 46, 168-179 (2015).

62. Spitzer, R. L., Kroenke, K., Williams, J. B. & Léwe, B. A brief measure
for assessing generalized anxiety disorder: the GAD-7. Arch. Intern
Med. 166, 1092-1097 (2006).

63. Plummer, F., Manea, L., Trepel, D. & McMillan, D. Screening for
anxiety disorders with the GAD-7 and GAD-2: a systematic review
and diagnostic metaanalysis. Gen. Hosp. Psychiatry 39,

24-31 (2016).

64. Kroenke, K., Spitzer, R. L. & Williams, J. B. The Patient Health
Questionnaire-2: validity of a two-item depression screener. Med
Care 41, 1284-1292 (2003).

65. Beusenberg, M., Orley, J. H. & World Health Organization. Division
of Mental Health. A user’s guide to the self reporting questionnaire
(SRQ). (World Health Organization, 1994).

66. Blevins, C. A., Weathers, F. W., Davis, M. T., Witte, T. K. & Domino, J.
L. The posttraumatic stress disorder checklist for DSM-5 (PCL-5):
development and initial psychometric evaluation. J. Trauma Stress
28, 489-498 (2015).

67. Bovin, M. J. et al. Psychometric properties of the PTSD Checklist for
Diagnostic and Statistical Manual of Mental Disorders-Fifth Edition
(PCL-5) in veterans. Psychol. Assess. 28, 1379-1391 (2016).

68. Huang, X. et al. Altered functional connectivity of the red nucleus
and substantia nigra in migraine without aura. J. Headache Pain. 20,
104 (2019).

69. Shi, D. D. et al. Predictable maternal separation confers adult stress
resilience via the medial prefrontal cortex oxytocin signaling
pathway in rats. Mol. Psychiatry 26, 7296-7307 (2021).

70. Plotsky, P. M. & Meaney, M. J. Early, postnatal experience alters
hypothalamic corticotropin-releasing factor (CRF) mRNA, median
eminence CRF content and stress-induced release in adult rats.
Mol. Brain Res. 18, 195-200 (1993).

71. Chen, T. et al. The genome sequence archive family: toward
explosive data growth and diverse data types. Genom. Proteom.
Bioinforma. 19, 578-583 (2021).

72. CNCB-NGDC Members and Partners. Database Resources of the
National Genomics Data Center, China National Center for Bioin-
formation in 2022. Nucleic. Acids Res. 50, D27-D38 (2022).

Acknowledgements
This work was supported by grants from the National Natural Science
Foundation of China (82230045) (Z.W.), (32271066) (D.-D.S.), Shanghai

Science and Technology Committee (20XD1423100) (Z.W.) and
(23QA1408300) (D.-D.S.), Shanghai Municipal Education Commission
(2021-01-07-00-02-E0086, 20161321) (Z.W.) and Lingang Laboratory
(LG202106-03-02) (Z.W.). Thanks to the psychiatrists who worked on the
front lines during the COVID-19 pandemic in Wuhan for their participa-
tion in this study.

Author contributions

Z.W. and D.-D.S. designed the study, and D.-D.S. wrote the article. Z.W.
and D.-D.S. coordinated the study and collected and analyzed the data.
S.S., ZK., H.H., C.Z. and Z.W. provided psychological support for the
patients. D.-D.S., Y.-D.Z., S.Z. and B.-B.L. performed the animal experi-
ments. M.-Y.C. analyzed the fMRI data. All authors critically revised the
article or contributed important intellectual content.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42814-1.

Correspondence and requests for materials should be addressed to
Zhen Wang.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6923

17


https://doi.org/10.1038/s41467-023-42814-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Stress-induced red nucleus attenuation induces anxiety-like behavior and lymph node CCL5 secretion
	Results
	Levels of CCL5 were increased in individuals exposed to a stressful environment in the first month post�stress
	Acute restraint stress led to anxiety-like behavior and a sharp increase in CCL5 in�rats
	Stress-inducible CCL5 was produced by lymph�nodes
	Stress-induced translation activation promoted CCL5 protein synthesis in lymph�nodes
	Identification of RN glutamatergic neuron clusters upstream of the�CLNs
	Chemogenetic manipulation of RN glutamatergic neurons affects anxiety-like behavior and CCL5�secretion
	Inhibition of the M1-RN circuit induces anxiety-like behavior
	Functional connectivity of the RN was weakened in stressed individuals in the first month post�stress

	Discussion
	Methods
	Clinical study design and participants
	Clinical evaluation
	Immune indicator measurement
	fMRI
	Imaging acquisition
	Functional connectivity analysis
	Rats
	Restraint�stress
	Chronic unpredictable mild stress�(CUMS)
	Early-life�stress
	Behavioral testing procedures
	Open field�test
	Elevated plus maze�test
	Lymphadenectomy
	ELISA
	Flow cytometry and intracellular cytokine staining
	Immunohistochemistry and imaging
	RNA isolation and qRT‒PCR
	RNA-seq analysis
	Retrograde transsynaptic PRV tracing
	AAVs
	Stereotaxic surgery
	Optical-fiber-based Ca2+ recording of freely behaving�rats
	Drugs
	Systemic neutralization of�CCL5
	Brain slice preparation
	Electrophysiological recordings
	Western blotting
	Statistical and reproducibility analyses
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




