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Chronic stress induces depression- and anxiety-related behaviors, which are common men-
tal disorders accompanied not only by dysfunction of the brain but also of the intestine.
Activating transcription factor 4 (ATF4) is a stress-induced gene, and we previously show
that it is important for gut functions; however, the contribution of the intestinal ATF4 to
stress-related behaviors is not known. Here, we show that chronic stress inhibits the expres-
sion of ATF4 in gut epithelial cells. ATF4 overexpression in the colon relieves stress-related
behavioral alterations in male mice, as measured by open-field test, elevated plus-maze test,
and tail suspension test, whereas intestine-specific ATF4 knockout induces stress-related
behavioral alterations in male mice. Furthermore, glutamatergic neurons are inhibited in
the paraventricular thalamus (PVT) of two strains of intestinal ATF4-deficient mice, and
selective activation of these neurons alleviates stress-related behavioral alterations in intesti-
nal ATF4-deficient mice. The highly expressed gut-secreted peptide trefoil factor 3 (TFF3)
is chosen from RNA-Seq data from ATF4 deletion mice and demonstrated decreased in gut
epithelial cells, which is directly regulated by ATF4. Injection of TFF3 reverses stress-related
behaviors in ATF4 knockout mice, and the beneficial effects of TFF3 are blocked by inhib-
iting PVT glutamatergic neurons using DREADDs. In summary, this study demonstrates
the function of ATF4 in the gut-brain regulation of stress-related behavioral alterations,
via TFF3 modulating PVT neural activity. This research provides evidence of gut signals
regulating stress-related behavioral alterations and identifies possible drug targets for the
treatment of stress-related behavioral disorders.
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Chronic stress can cause pathological alterations that increase the risk of depression and
anxiety (1). Depression is one of the most common mental disorders, which severely limits
psychosocial functioning and diminishes the quality of life (2, 3). Depression is character-
ized by irritable mood, disinterest, loss of concentration, increased suicidal thoughts, along
with somatic and cognitive changes (4, 5). It is a heterogeneous and etiologically complex
disorder involving genomic and environmental factors such as psychological stress and
metabolic dysfunction (6-9). Most research on depression has focused on brain changes
such as neurotransmitter imbalances, impaired neurogenesis, declining neuroplasticity, and
abnormal neuronal circuitry (7, 10, 11). Based on the discovered mechanisms, there are
some antidepressant drugs (12, 13). However, approximately 30% of patients respond
inadequately to currently available antidepressants (14). Thus, further exploring the patho-
genesis of depression and identifying potential therapeutic targets are imperative.
Depression is not only a mental or brain disorder but also a systemic disease (5, 15).
Although mainly affecting the brain, depression is usually accompanied by changes in periph-
eral systems (15, 16). For example, patients with depression exhibit weight loss/gain, immune
system disorders, and altered gut microbiota composition (17-20). The gut is closely associated
with depression as irritable bowel syndrome and intestinal inflammation are highly correlated
with depression (21, 22). For instance, patients with irritable bowel syndrome had significantly
higher levels of anxiety and depression than those of healthy controls (23), and there is a
bidirectional association between depression and inflammatory bowel disease (24). The mam-
malian gut has its own nervous system (enteric nervous system, also called brain-in-the-gut)
which can relatively independently respond to external signals (25). Patients with depression
often present gut-related dysfunction such as appetite disturbances, metabolic disturbances,
functional gastrointestinal disorders, and gut microbiota abnormalities (16, 26, 27). Gut
microbiome diversity is strongly associated with stress-related behaviors, including major
depressive disorder (28, 29). The microbes could influence the function of epithelial cells and
the epithelial cells could send signal to the brain by secretion and nerves (26, 30). Despite
the established importance of the gut microbiome for gut—brain communication in regulating
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depression, it remains unclear which intestinal epithelial cell signals
regulate the development of depression.

Activating transcription factor 4 (ATF4) is a basic leucine zipper
transcription factor expressed in many tissues, including the intes-
tine (31-33). Itis involved in the regulation of various physiolog-
ical processes, including inflammatory responses, amino acid and
lipid metabolism, endoplasmic reticulum stress, autophagy, and
energy homeostasis (34-36). Dysregulation of ATF4 is associated
with various animal models of disorders, including models of liver
steatosis, Parkinson’s disease, and Alzheimer’s disease (37-39).
However, its role in stress-related behaviors remains unknown.

We previously found that mice with ATF4 deficiency in intestinal
epithelial cells developed spontaneous enterocolitis and showed
different microbial composition (increased pathogenic bacteria
Escherichial/Shigella and Enterococcus species, and decreased probiotic
bacteria Lactobacillus and Faecalibaculum species) from control mice
(33). As gut function is closely related to depression and stress-related
behaviors, we speculated that intestinal ATF4 might also be involved
in the pathogenesis of stress-related behaviors. The current study
aimed to investigate this possibility and elucidate the underlying
mechanisms.

Results

Intestinal ATF4 Levels Are Decreased in Mice Exposed to Chronic
Stress and ATF4 Overexpression Alleviates Stress-Related
Behaviors. Chronic stress is a fundamental etiological factor in
depression (40). To mimic stress-induced behaviors and explore
the role of the gut under these conditions, we exposed male
C57BL/6 mice to 3 wk of CRS and then performed behavioral
assays in order (Fig. 14), followed by killing (41). Stress-related
phenotypes in mice with CRS were investigated in open-field
test (OFT) by decreased time spent and distance covered in
the central region, in the elevated plus-maze test (EPM) by
reduced duration and number of entries in the open arms, and
in the tail suspension test (TST) by increased immobility time
(81 Appendix, Fig. S1 A-C). Then, we found that under CRS,
ATF4 mRNA and protein levels were significantly decreased in
intestinal epithelial cells (Fig. 1 B and C), whereas A4 mRNA
expression was unchanged in the liver and lamina mesenterii
propria (81 Appendix, Fig. S1D).

To test whether increased enteric ATF4 expression relieves
stress-related behaviors, we injected Cre-dependent AAV's expressing
ATF4 (AAV-DIO-ATF4-mCherry) or mCherry (AAV-DIO-
mCherry) into the colon of male Villin-Cre mice (Fig. 1D and
SI Appendix, Fig. S1E). The efficiency of the ATF4 overexpression
was validated by the increased mRNA levels of A#f# and its down-
stream genes 7763 and Ddir4 (SI Appendix, Fig. S1F). The increased
range of A#f4 gene was low, but the downstream genes 7763 and Ddit
strongly increased. We suspected the results may be due to the neg-
ative feedback of downstream target genes to the ATF4, which may
lead to the lower increase (42). Four weeks after AAV delivery, we
tested stress-related behaviors in order, including OFT, EPM, and
TST, in the two groups of mice. Mice overexpressing ATF4 in the
colon spent more time and traveled more distance in the center area
of the OFT, increased the time and entries into the open arms of the
EPM, as well as decreased immobility duration in the TST, compared
to control mice (Fig. 1 E~G and SI Appendix, Fig. S1 G and H).
‘Then, these mice were exposed to 3 wk of CRS to investigate whether
ATF4-overexpressing mice show reduced stress-induced behaviors.
Although the time and number of entries in open arms were similar
in the EPM between the two groups, the ATF4-overexpressing mice
had increased time and distance percentage in the central region in

the OFT and decreased immobility time in the TST (Fig. 1 HA~/and
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SI Appendix, Fig. S1 I and /). Body weight and food intake were
similar in these groups (S/ Appendix, Fig. S1 Kand L).

Mice with ATF4 Deletion in Intestinal Epithelial Cells Exhibit
Stress-Related Behavioral Alterations. To investigate the role of
intestinal ATF4 expression in stress-related behaviors, we E%enerated
intestinal epithelial cell-specific ATF4 deletion (ATF4 ™) mouse
lines by crossing floxed ATF4 (ATF4H/H) with Villin-Cre mice.
According to RT-PCR and western blot analysis, ATF4 levels
were decreased in jteEunal, ileal, and colonic epithelia, but not in
the liver, of ATF4 ™€ mice, indicating effective ATF4 deletion
(81 Appendix, Fi g S2 A and B). Stress-related behavioral alterations
in male ATF4"T*¢ mice were assessed using the OFT, EPM, and
TST (SI Appendix, Fig. S2C). Surprisingly, ATF4"™ mice spent
shorter time and traveled less distance in the center region in the
OFT, spent shorter time in and had fewer entry numbers to the
open arms in the EPM, and showed increased immobility duration
in the TST (81 Appendix, Fig. S2 D-F).

To test how intestinal epithelial cell-intrinsic ATF4 expression
functions in adult mice and to eliminate potential developmental
effects of constitutive deletion, we generated an inducible
tamoxifen-dependent intestinal epithelial cell-specific ATF4
knockout mouse model (ATF4*"*“™P) by crossing floxed ATF4
with Villin-CreER mice in which ATF4 deletion in intestinal
epithelial cells could be detected after 5 d of tamoxifen treatment
every other day (Fig. 2 A and B) (43, 44). The behavioral tests
were performed at least 10 d after tamoxifen treatment finished.
In agreement with the results in male ATF4°""¢ mice, male
ATF4"ECIND ice spent shorter time and traveled less distance
in the center region in the OFT, spent shorter time in and had
fewer entry numbers to the open arms in the EPM, showed
increased immobility duration in the TST and forced swim test
(EST), showed decreased sucrose preference in sucrose preference
test (SPT) (Fig. 2 C-F and SI Appendix, Fig. S3 A-E), and showed
decreased body weight and unchanged food intake (S7 Appendix,
Fig. S3 F-H).

As ATF4" ¢ mice have spontaneous gut inflammation (33),
which is related to anxiety and depression (45), we next evaluated
intestinal inflammation levels of ATF4“"®“™P mice. The lengths
of the small and large intestines, as well as the morphology of the
colon in H&E stainings, were similar for ATF4" and ATF4"1ECIND
mice (8] Appendix, Fig. S3 I and ). Moreover, mRNA expression
levels of inflammatory cytokines, including interleukin (IL)1p
({11b),1L6 (116), and tumor necrosis factor o (77fz), were unchanged
after ATF4 deletion (SI Appendix, Fig. S3K). Therefore, intestinal
ATF4 deletion-induced stress-related behavioral alterations may be
independent of intestinal inflammation.

Paraventricular Thalamus (PVT) Glutamatergic Neurons
Mediate Stress-Related Behaviors Caused by Intestinal ATF4
Deletion. As stress-related and depressive-like behaviors are
usually accompanied with functional changes of neurons, and
gut-brain axis has been closely related to neuronal activity
(7, 46), we assumed that intestinal ATF4 deletion may influence
neural activity. To investigate changes in brain regions of mice with
intestinal ATF4 deletion, we conducted immunofluorescence (IF)
stainings to examine changes in basal c-Fos expression, a signal
reflecting neuronal activity (47), in embryonic and inducible
intestinal ATF4 knockout mice. The c-Fos expression decreased
in the paraventricular hypothalamic nucleus (PVN) and PVT and
increased in the basolateral amygdala (BLA) of ATF4AIEC mice
(81 Appendix, Fig. S4 A and B). While in ATF4"ECIND hice. the
c-Fos levels decreased in PVT and BLA, but unchanged in PVN
(Fig. 34 and ST Appendix, Fig. S4C). Because c-Fos changes of PVT
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Fig. 1. Colonic epithelial ATF4 overexpression exhibits beneficial behavioral effects under CRS. (A) Timeline of the restraint (+CRS) or control (-CRS) protocol and
behavioral tests. RS, restraint stress, OFT, open-field test; EPM, elevated plus-maze test; TST, tail suspension test. (B) Gene expression of Atf4 in jejunal (Jej) (t; = 3.531,
P =0.0077), ileal (lle) (t; = 2.926, P = 0.0191) and colonic (Col) (Mann-Whitney U test, P = 0.0079) epithelial cells by RT-PCR. (C) ATF4 protein in jejunal (t;, = 3.526,
P =0.0055), ileal (t; g5, = 4.179, P=0.0061), and colonic (t;, = 3.414, P = 0.0066) epithelial cells by western blotting (Left) and quantified by densitometric analysis (Right),
A.U.: arbitrary units. (D) Timeline of the adeno-associated virus (AAV) injection, restraint (CRS) protocol, and behavioral tests. (E and H) Representative tracks of mice
in OFT, travel distance (E: t,, = 0.0771, P = 0.9394; H: t,, = 1.488, P = 0.1550), time spent in center (E: t,y = 2.425, P = 0.0255; H: t;, = 2.367, P = 0.0301), and percentage
of distance in center area (E: t;, = 2.251, P = 0.0364; H: t,, = 2.400, P = 0.0281). (F and /) Representative tracks of mice in EPM, percentage of time spent in the open
arms (F: t;g = 3.596, P = 0.0019; I: t;5 = 0.6447, P = 0.5272), and percentage of entries into the open arms (F: t;o = 2.529, P = 0.0204; I: t;3 = 0.02775, P = 0.9782). (G and
J) Immobility time of TST (G: t;o = 2.684, P = 0.0147; J: t,, = 4.204, P = 0.0006). Studies for A-C were conducted using 8 to 9-wk-old male wild-type mice with or without
CRS; studies for D-/ were conducted using 8 to 9-wk-old male Villin-Cre mice receiving colonic injection of AAVs expressing mCherry (~AAV-ATF4) or ATF4 (+AAV-ATF4)
under normal states (E-G) or CRS (H-/). Data are expressed as the mean + SEM (the number of samples is indicated in the bar graph), with individual data points. Data
were analyzed via two-tailed unpaired Student’s t test or specific test marked in the data. *P < 0.05, **P < 0.01, ***P < 0.001.

were consistent in both strains of mice and PVT was closely related We also tested whether inhibition of PVT glutamatergic neu-
with stress-related behaviors (48—50), we focused on this region in rons is sufficient to induce depression-like behaviors by injecting
subsequent studies. As PVT neurons are primarily glutamatergic ~ inhibitory hM4Di designer receptors exclusively activated by
neurons (51), we costained the PVT of intestinal ATF4 knockout designer drugs (DREADDs) under the CaMKIla promoter
mice for c-Fos and the marker of synapses receiving glutamatergic activated by the inert ligand clozapine N oxide (CNO) (51).
terminals, alpha isoform of Ca**/calmodulin-dependent protein ~ For this purpose, AAVs with CaMKIla promoter encoding
kinase II (CAMKIIa) (52). C-Fos expression in glutamatergic hM4Di (AAV-CaMKlIlo-hM4Di-mCherry) or mCherry alone
neurons was reduced in the PVT of ATF4 ™ mice (S/ Appendix, (AAV-CaMKIIo—mCherry) were injected into the PVT of wild-
Fig. S4D) and ATF4 ECIND hice (Fig. 3B). type mice (SI Appendix, Fig. S5 A and B). The inhibited activity of

PNAS 2023 Vol.120 No.19 e2215590120 https://doi.org/10.1073/pnas.2215590120 3 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2215590120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215590120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215590120#supplementary-materials

ATF4 fifl ATF4AEC-IND

O
A B & Sé,)is\“

s

b?é‘ & 9@"

) Qb‘ th & LA
_ SR R
o - - pom |
S sk ATF4 J—50 KD | -
g e ACTIN [=======1—40kD —_ —
g — — .. A4 [R50 (0 | 5 _ 1% : :
. . . . - = o _ : .
gz i i acTin Bl —40k0 1 " Jq00qz I I 1;
< i H - ATFr4 [(E===a]—s0kn | © . H. E: BB
o 50 - . ofl =} 50 : : ;
2 o5 o®m o9& 78 ACTIN [(=——=—==1—40KD 66l 66 66 6l
s o o o ATF4 —5°KD|5- T T
4 Jej lle Col Liver ACTIN _40 kol 2 Jej lle Col Liver
Tamoxifen injection
12-14 weeks old (every other day) OFT EPM TST Sacrifice
ATF4% or ATF4SIECIND mice | | 1 11 l
1 10 21 22 23 25
= Open[] -~ il < *x
= £ R~ = : s
=4 D5 1500 — X309 7 z } < 100 £ 40 B 400
w =] n -_— w 2 S - b
= %4 = ] : E ¥ 1E 80 c 35 : £ 300
< | 5 3 g 100 g 20 < Closed i © 0 g I =
: SRR i ® Lt} s I . o30{f " 2200
g g2 8 s0{: % B0 g i ¢4 . 2 1.7 3
8 51 S . 8 3 ! £ 20{. 35 £25 : g 100
3 Folr - ol § ol 3 : 2 oM ST E
= l i £
< = 2 ) = s

Fig. 2. Inducible intestinal ATF4 knockout mice exhibit stress-related behaviors. (A) Gene expression of Atf4 in jejunal (Jej) (unpaired t test with Welch's correction,
t 995 = 11.04, P <0.0001), ileal (lle) (unpaired t test with Welch’s correction, t 4,,, = 12.24, P <0.0001), and colonic (Col) (t;, = 5.288, P = 0.0002) epithelial cells and
liver (t;3=0.3067, P=0.7639) by RT-PCR. (B) ATF4 protein in jejunal (t;, = 6.996, P < 0.0001), ileal (t;, = 4.398, P = 0.0013), and colonic (t;, = 4.709, P = 0.0008) epithelial
cells and liver (t,,=0.8801, P = 0.3995) bPl western blotting (Left) and quantified by densitometric analysis (Right), A.U.: arbitrary units. (C) Timeline of the tamoxifen
injection and behavioral tests in ATF4™" or ATF4““N> mice. OFT, open-field test; EPM, elevated plus-maze test; TST, tail suspension test. (D) Representative
tracks of mice in OFT, travel distance (t,, = 0.4083, P = 0.6874), time spent in center (t,, = 4.647, P = 0.0002), and percentage of distance in center area (t,, = 3.867,
P =0.001). (F) Representative tracks of mice in EPM, percentage of time spent in the open arms (unpaired t test with Welch's correction, t;5,4 =3.519, P = 0.0037),
and percentage of entries into the open arms (t,, = 3.617, P = 0.0017). (F) Immobility time of TST (t;, = 2.409, P = 0.0367). Studies were conducted using 14 to
16-wk-old male ATF4"" or ATF4*END mice, Data are expressed as the mean + SEM (the number of samples is indicated in the bar graph), with individual data
points. Data were analyzed via two-tailed unpaired Student’s t test or specific test marked in the data. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

PVT glutamatergic neurons was confirmed by decreased c-Fos (81 Appendix, Fig. S7A). To test the effects of chemogenetic activa-
staining in glutamatergic neurons (reflected by mCherry) of hM4Di-  tion of PVT glutamatergic neurons on stress-related behavioral
expressing mice (87 Appendix, Fig. S5C), and 30 min after CNO alterations, AAVs encoding hM3Dq (AAV-CaMKIloa-hM3Dg-
injection, mice with reduced activity of PVT glutamatergic neurons ~ mCherry) or mCherry alone (AAV-CaMKIlo—mCherry) under
showed shorter time and less distance in the center region in the ~ CaMKIla promoter control were injected into the PVT of wild-type
OFT, shorter time in and fewer entries to the open arms in the  mice that were subjected to CRS and CNO injection 4 wk after-
EPM, and increased immobility time in the TST (S/ Appendix, ~ ward. Activation of PVT glutamatergic neural activity was con-
Fig. S5 D-F). firmed and improved chronic stress-induced behavioral alterations
Next, we investigated whether PVT neurons mediate stress- in OFT, EPM, and TST (8] Appendix, Fig. S7 B-F). However,
related behavioral alterations induced by gut ATF4 deficiency. To  activation of PVT glutamatergic neural activity in nonstressed mice
this end, AAVs encoding hM3Dq (AAV-CaMKIIo-hM3Dgq-  had similar behaviors with control mice in OFT and EPM, but
mCherry) or mCherry alone (AAV-CaMKIlo—mCherry) under  showed decreased immobility time in TST (87 Appendix, Fig. S8).
CaMKIla promoter control were injected into the PVT of
tamoxifen-treated ATF4"" and ATF4* ™" mice (S Appendix, ~ Gut TFF3 Mediates Depression-Like Behaviors Induced by
Fig. S6A), with i.p. CNO injection 4 wk after AAV delivery. Intestinal ATF4 Deletion. Next, we investigated how gut ATF4
Higher PVT glutamatergic neuronal activity was then confirmed ~ expression modulates PVT neuronal activity. As intestinal
by increased c-Fos staining of glutamatergic neurons (reflected by~ peptides are important elements of the gut—brain axis (26), we
mCherry) in ATF4"" and hMSDq-expressingATF4AIEC‘IND mice hypothesized that ATF4 may impact secretory peptides that
(SI Appendix, Fig. S6B). Activation of PVT excitatory neuronsby ~ act on the brain. RNA-Seq analysis was performed using ileal
injecting CNO into ATF4""™“™P mice resulted in increased  epithelial cells of ATF4"" and ATF4*™* mice (53). To identify

center time in the OFT, increased residence time in the openarms ~ secreted proteins that may act on the brain, we crossanalyzed
in the EPM, and reduced immobility time in the TST (Fig. 3 C—F  data of differentially expressed genes with data of annotated
and S/ Appendix, Fig. S6 C-F). gut-secreted peptides, which have correlation in functioning on

To further confirm the role of PVT glutamatergic neurons in gut—brain signals (54) (Fig. 44). Among several candidate genes
stress-related behavioral alterations, we next explored the function with significance of the correlation and high levels verified in
of these neurons in the CRS model. After chronic stress, the number the colon and ileum of ATF4“E“™ND jce (ST Appendix, Fig. S9
of c-Fos-positive neurons was significantly decreased in the PVT ~ A-D and Fig. 4B), only trefoil factor 3 (7}/3) and Ace2 decreased
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Fig. 3. PVT glutamatergic neuron activation relieves intestinal ATF4 deletion caused stress-related behaviors. (A) IF staining for c-Fos (green) in the PVT (Left)
and quantification of c-Fos cell numbers (Right) (t; = 3.213, P = 0.0124); D3V, dorsal 3rd ventricle. (B) IF staining for c-Fos (green), CAMKIla (red), or merge (yellow)
in the PVT (Left), and quantification of c-Fos and CAMKIla colocalized cell numbers (Right) (t,, = 2.748, P = 0.0206). (C) Timeline of the tamoxifen injection, adeno-
associated virus (AAV) injection, and behavioral tests in ATF4"" or ATF4“¥“'N mjce. OFT, open-field test; EPM, elevated plus-maze test; TST, tail suspension
test. (D) Representative tracks of mice in OFT, travel distance (Genotype Factor: F; 55 = 0.01699, P = 0.8970; HM3Dq factor: F; 35 = 0.5218, P = 0.4749; Genotype
x HM3Dq: F; 35 = 0.4704, P = 0.4973), time spent in center (Genotype Factor: F, 3, = 0.885, P = 3540, HM3Dq factor: F, ;; = 3.067, P = 0.0898; Genotype x HM3Dq:
F,3;=5.286, P=0.0284), and percentage of distance in center area (Genotype Factor: f, 3, = 3.866, P = 0.0586; HM3Dq factor: F, 3, = 4.824, P = 0.0359; Genotype
x HM3Dq: F; 3 = 6.279, P = 0.0179). (E) Representative tracks of mice in EPM, percentage of time spent in the open arms (Genotype Factor: F,,, = 4.114,
P=0.0538; HM3Dq factor: F; ,, = 6.458, P = 0.0179; Genotype x HM3Dq: F; ,, = 2.875, P = 0.1029), and percentage of entries into the open arms (Genotype Factor:
F;24=4.435, P=0.0459; HM3Dq factor: F; 5, = 5.363, P = 0.0294; Genotype x HM3Dq: F, ,, = 3.373, P = 0.0787). (F) Immobility time of TST (Genotype Factor: F; ,, =
5.006, P = 0.0348; HM3Dq factor: F; ,, = 4.436, P = 0.0458; Genotype x HM3Dq: F; ,, = 7.477, P = 0.0116). Studies for A and B were conducted using 14 to 16-wk-
old male ATF4"™ or ATF4*EIND mjce; studies for C-F were conducted using 10 to 12-wk-old male ATF4™ or ATF4°'5“!NP mice receiving AAVs expressing mCherry
(-HM3Dq) or HM3Dq (+HM3Dq), followed by CNO injection. Data are expressed as the mean + SEM (the number of samples is indicated in the bar graph),
with individual data points. Data were analyzed via two-tailed unpaired Student’s ¢ test for A and B, or via the two-way ANOVA for D-F. *P < 0.05, **P < 0.01.

in both segments of the gut. As TFF3 is a mainly gut-derived ~ Fig. S10B). As ATF4 regulates the expression of downstream target

peptide with reported antidepressant effects (55), we chose this ~ genes via direct binding to cAMP-responsive element sites in their
factor in the subsequent studies. The 73 mRNA expression was ~ promoters (56), we hypothesized that ATF4 regulates TFF3 by bind-
markedly down-regulated in the intestinal epithelial cells of the  ing on its promoter. First, we predicted cAMP-responsive element
jejunum, ileum, and colon following ATF4 ablation (Fig. 4B binding sites of the 7}f3 promoter using the bioinformatics tool
and ST Appendix, Fig. S114). JASPAR database and identified three sites (SI Appendix, Fig. S10C).

Next, we examined whether ATF4 directly regulates TFF3. ‘Then, we generated a luciferase reporter plasmid of 73 (pGL3-TFF3),
ATF4-overexpressing adenoviruses (Ad-ATF4) in CCD-841 cells  carrying 2,000 bp upstream of the transcription start site in a lucif-
increased 7/3 mRNA levels (S/ Appendix, Fig. S104). Conversely,  erase reporter vector (pGL3-Basic). The 7f/3 promoter activity was
inhibiting ATF4 with adenoviruses expressing dominant-negative increased by ATF4 overexpression (SI Appendix, Fig. S10C). These
ATF4 (Ad-DN-ATF4) decreased the 7ff3 expression (SI Appendix, results showed that ATF4 promotes 7/f3 expression directly.
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Then, we examined whether intestinal TFF3 could influence
TFF3 levels in the serum or brain of intestinal ATF4 knockout
mice. The TFF3 levels were reduced in the serum, CSE and PVT
of intestinal epithelial cell-specific ATF4 knockout mice (Fig. 4
C-E and SI Appendix, Fig. S11 B-D). Conversely, serum TFF3
levels were increased in colonic ATF4-overexpressing mice
(SI Appendix, Fig. S11E). As TFF3 is also expressed in the brain
(57), we examined 7f/3 mRNA levels in the hypothalamus and
PVT and the gene expression was comparable in control and
ATF4-ablated mice (SI Appendix, Fig. S11 F and G). To further
confirm that TFF3 can be secreted by intestinal cells following
changes in ATF4 expression, we determined TFF3 levels in the
culture medium of ATF4-overexpressing CCD-841 cells. The
extracellular TFF3 concentration was increased in Ad-ATF4-treated
cultures (S Appendix, Fig. S11H).

As TFF3 levels were decreased in the serum and CSF of mice
with intestinal epithelial cell-specific ATF4 deletion and TFF3 is
closely associated with depressive behaviors (55, 58), we presumed
that TFF3 mediates stress-related behaviors caused by ATF4 knock-
out. We i.p. injected TFF3 into ATF4""*“™P mice (Fig. 4 F and
G). As expected, the changed behavioral alterations in ATF4 <™
mice were alleviated by TFF3 injection (Fig. 4 H—/and SI Appendix,
Fig. S11 7and /), carried out in different groups of mice.

As the protein levels of TFF3 were decreased in the PVT of
ATF4 ECIND hice these behavioral TFF3 effects might be medi-
ated by PVT neurons. To study the roles of TFF3 in the PVT, we
injected TFF3 into the PVT of ATF4"FCIND phjce (Fig. 5 A and
Band SI Appendix, Fig. S12A). After TFF3 injection, TFF3 levels
in the PVT of ATF4"*“™P mice returned to normal values
(Fig. 5C), and these mice showed increased center time in the
OFT, increased open arm time in the EPM, and reduced immo-
bility time in the TST compared to those without TFF3 treatment
(Fig. 5 D—F and SI Appendix, Fig. S12 B and C). To further con-
firm the role of TFF3 in the PVT, we injected TFF3 in the PVT
in wild-type mice (S Appendix, Fig. S13 A and B). The TFF3
levels increased in the PVT but not in the hypothalamus or cortex
(SI Appendix, Fig. S13 C and D). PVT injection of TFF3 in
wild-type mice also exhibited increased center time and distance
in OFT, increased time and entries in the open arms of EPM, and

reduced immobility time in TST (SI Appendix, Fig. S13 E-G).

TFF3 Stimulates PVT Neural Activity Facilitating Antidepressant
Effects in ATF4°"*“"N° Mice. As previous studies reported that
TFF3 activates neural activity, we hypothesized that TFF3
may stimulate PVT neurons. We treated primary thalamic
neurons with different concentrations of TFF3 peptides and
found increased Fos mRNA and c-Fos protein levels after TFF3
treatment (S/ Appendix, Fig. S14 A and B). Furthermore, IF c-Fos
stainings showed that ATF4"""“™P mice treated with TFF3
had increased c-Fos expression compared to ATF4"""“™P mice
treated with saline (Fig. 64). To investigate whether beneficial
TFF3 effects were mediated by PVT neural activity, we inhibited
this activity in TFF3-treated ATF4"™“™" mice (Fig. 6B and
SI Appendix, Fig. S15A) using an inhibitory hM4Di DREADD.
To this end, AAVs encoding hM4Di (AAV-CaMKIIa~hM4Di-
mCherry) or mCherry alone (AAV-CaMKlIa—mCherry) under
CaMKIIa promoter control were injected into the PVT of ATF4Y
 or ATF4 "™ mice, and these mice were subjected to i.p.
injection of saline or TFF3, as well as CNO injection, 4 wk after
AAV delivery. The TFF3-induced stimulation in ATF4""<™NP
mice and the hM4Di-induced inhibition of PVT glutamatergic
neuronal activity in TFF3-treated ATF4""*“™P mice were then
confirmed by respective increases and decreases in c-Fos stainings
of glutamatergic neurons (reflected by mCherry; SI Appendix,
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Fig. S15B). In behavioral experiments, beneficial TFF3 effects in
ATF4 "™ mice were blocked by inhibiting PVT glutamatergic
neuronal activity, as confirmed by the OFT, EPM, and TST (Fig. 6
C-E and SI Appendix, Fig. S15 Cand D). Intraperitoneal injection
of TFF3 in wild-type mice had no behavioral alterations in OFT
or EPM, but reduced immobility time in TST (S Appendix,
Fig. S16). Simply, inhibition of PVT glutamatergic neurons
exhibited reduced center time and distance in OFT, reduced time
and entries in the open arms of EPM, and increased immobility
time in TST in ATF4"® mice, but had no obvious changes in
ATF4"FIND mice (ST Appendix, Fig. S17).

Discussion

Depression is a common mental disorder, a leading cause of disa-
bility worldwide, and a major contributor to the overall global
disease burden (2). Depression results from a complex interaction
of social stress, psychological stress, and biological factors (8). Gut
dysfunction is closely related to stress-related depression-associated
behavioral alterations (59, 60). This study found that the intestinal
epithelial signal ATF4 was reduced in chronic restraint stressed male
mouse models and contributed to the development of stress-related
behavioral alterations. Mechanistically, gut ATF4 regulated the
expression of the gut-secreted peptide TFF3, which activated PVT
glutamatergic neurons to induce beneficial behavioral effects
(Fig. 6F). As all the experiments were performed in male mice, we
did not know whether female mice also exhibit similar behaviors
and mechanisms, since sex differences are important for behavioral
tests and should not be overlooked (48). It requires further study.

ATF4 is a stress response protein that can induce the transcrip-
tion of various genes under certain conditions, including endo-
plasmic reticulum stress, amino acid deprivation, and hypoxia
(34). However, the ATF4 response to chronic stress remains lim-
ited, and we do not know why intestinal epithelial cell-specific
ATF4 expression is decreased under CRS. A possible mechanism
is that microRNA (miR)-214 levels change in some stress condi-
tions and pre-miR-214 overexpression inhibits ATF4 expression
(61, 62). Other studies report that asparagine levels are increased
in depression models and decreased following antidepressant treat-
ment, which may inhibit ATF4 expression (63-65). How chronic
stress inhibits ATF4 expression requires further research.

Intestinal epithelial cells secrete many peptides that enter the
bloodstream and act on target organs (26, 66). TFF3 is a peptide
mainly secreted by intestinal goblet cells (67). It protects the intes-
tinal mucosa from various injuries and facilitates mucosal resti-
tution by promoting cell migration and inhibiting apoptosis
(68, 69). TFF3 is also expressed in the liver, pancreas, and brain
(57,70, 71). Intracerebral and i.p. injections of TFF3 have anti-
depressant effects (55, 72). However, the function of gut-derived
TFF3 remains unknown. Our study demonstrated that ATF4
deletion in gut resulted in reduced serum TFF3 levels and
colon-specific ATF4 overexpression induced increased TFF3
serum concentrations, implying that gut ATF4-TFF3 expression
contributes to blood TFF3 levels. Moreover, ATF4 upregulation
in CCD-841 cells influenced TFE3 levels in cell culture mediums.
However, we cannot exclude contributions from other organs or
tissues. For example, we did not examine the TFF3 expression in
other brain regions or immune cells, and the serum TFF3 may
change because of other tissues. These possibilities need further
exploration.

Recently, the gut—brain axis has attracted a lot of attention. The
gut can influence brain function in various ways such as secreted
peptides, gut microbiota, and vagus and enteric nerves (25, 73).
In the present study, gut microbiota may have participated in the
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Fig.4. TFF3 administration relieves intestinal ATF4 deletion caused stress-related behaviors. (A) Heatmap showing differentially expressed gut-secreted genes
in ileac epithelial cells from ATF4"" and ATF4"'¥ mice. (B) Gene expression of Tff3 in jejunal (Je]) (t;, = 2.968, P = 0.0141), ileal (lle) (t;, = 3.591, P = 0.0049), and
colonic (Col) (Mann-Whitney U test, P = 0.0087) epithelial cells by RT-PCR. (C) TFF3 levels in serum by ELISA (t;, = 2.692, P = 0.0196, CV of ATF4™M: 28.58%, CV of
ATF4“ESIND: 30 50%). (D) TFF3 levels in cerebrospinal fluid (CSF) by ELISA (t, = 3.941, P = 0.0034, CV of ATF4"": 22.78%, CV of ATF4*EIND: 29 48%). () TFF3 levels in
PVT by ELISA (t, = 2.945, P = 0.0164, CV of ATF4™™: 27.89%, CV of ATF4*'5NP: 16.93%). (F) TFF3 levels in serum by ELISA (Genotype Factor: F, ;s = 3.068, P = 0.0990;
TFF3 factor: F, ;4 =8.243, P = 0.0111; Genotype x TFF3: F,ﬁ =7.311, P = 0.0156; CV of ATF4™: 11.35%, CV of ATF4*"E“'NP: 42.95%)). (G) Timeline of the tamoxifen
injection, TFF3 i.p. injection, and behavioral tests in ATF4™" or ATF4“ECND mice. OFT, open-field test; EPM, elevated plus-maze test; TST, tail suspension test. (H)
Representative tracks of mice in OFT, travel distance (Genotype Factor: F; ;3 = 0.2085, P = 0.6505; TFF3 factor: F; 3, = 0.05511, P = 0.8157; Genotype x TFF3: F; 5
= 6.033e-005, P = 0.9938), time spent in center (Genotype Factor: F; ;3 = 1.595, P = 0.2144; TFF3 factor: F; 33 = 3.336, P = 0.0756; Genotype x TFF3: F, 33 = 4.781,
P =0.0350), and percentage of distance in center area (Genotype Factor: F; 33 = 1.044, P = 0.3133; TFF3 factor: F; 33 = 5.912, P = 0.0199; Genotype x TFF3: F; 35 =
6.511, P =0.0149). (/) Representative tracks of mice in EPM, percentage of time spent in the open arms (Genotype Factor: F, ,, = 4.330, P = 0.0436; TFF3 factor:
F142=9.751, P=0.0032; Genotype x TFF3: F, ,, = 1.801, P = 0.1868), and percentage of entries into the open arms (Genotype Factor: F; ,y = 4.784, P = 0.0369; TFF3
factor: F; ,g = 2.426, P = 0.1302; Genotype x TFF3: F; ,y = 3.737, P = 0.0630). (/) Immobility time of TST (Genotype Factor: F; ,, = 10.73, P = 0.0021; TFF3 factor: F, ;,
= 13.03, P = 0.0008; Genotype x TFF3: F, ,, = 1.091, P = 0.3022). Studies for A were conducted using 3 to 5-wk-old male ATF4"" or ATF4"C mice; studies for B-F
were conducted using 14 to 16-wk-old male ATFAT or ATF4"EEND micer studies for F-J were conducted using 14 to 16-wk-old male ATF4"" or ATF4*E<ND mjce
receiving i.p. injection of saline (-=TFF3) or TFF3 (+TFF3); and studies for H were conducted using separate groups of mice with same treatments of , G, /, and
J. Data are expressed as the mean + SEM (the number of samples is indicated in the bar graph), with individual data points. Data were analyzed via two-tailed
unpaired Student’s t test for B-E, or via the two-way ANOVA for F-/, or specific test marked in the data. *P < 0.05, **P < 0.01.

regulation of stress-related behaviors, as the composition of bac- crucial signal for nutrition sensing, and the gut can detect glucose
teria changes in mice with intestinal-specific ATF4 deletion (33).  and fat, signals that are transmitted via vagal or spinal afferences
Furthermore, intestinal epithelial cell-specific ATF4 may impact to hypothalamic agouti-related peptide (AgRP) neurons (74, 75).
brain function via peripheral neurons. For example, ATF4 is a Confirmation of these hypotheses requires additional work.
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Fig. 5. PVT injection of TFF3 relieves intestinal ATF4 deletion caused behavioral alterations. (A) Schematic of PVT injection of TFF3 and representative image
of Nissl staining to show the trace left by cannula in mice. (B) Timeline of the tamoxifen injection, cannula implantation, PVT injection of TFF3, and behavioral
tests in ATF4"" or ATF4"“'N> mice. OFT, open-field test; EPM, elevated plus-maze test; TST, tail suspension test. (C) TFF3 levels in the PVT by ELISA (F, ,; = 3.886;
P =0.0352; CV of ATF4"": 36.90%, CV of ATF4"E<™NP: 23,2206, CV of ATF4“'™NP + TFF3: 28.05%). (D) Representative tracks of mice in OFT, travel distance (F, s =
1.182; P = 0.3295), time spent in center (F, ;3 = 5.074; P = 0.0179), and percentage of distance in center area (Kruskal-Wallis test, P = 0.0182). (E) Representative
tracks of mice in EPM, percentage of time spentin the open arms (F, ;= 14.37; P = 0.0002), and percentage of entries into the open arms (F, ;3= 12.32; P = 0.0004).
(F) Immobility time of TST (F, ;s = 6.345; P = 0.0082). Studies were conducted using 12 to 14-wk-old male ATF4"" or ATF4*'"“N° mice receiving PVT injection of
saline (-TFF3) or TFF3 (+TFF3). Data are expressed as the mean + SEM (the number of samples is indicated in the bar graph), with individual data points. Data
were analyzed via one-way ANOVA or specific test marked in the data. *P < 0.05, **P < 0.01, ***P < 0.001.

TFF3 can act on brain regions to exhibit antidepressant-like
effects. TFF3 increases c-Fos expression in the BLA via PI3K/AKT
signaling, as well as in the PVN (58, 76), and acts in the hippocam-
pal CA3 via the BDNF-ERK-CREB pathway (55). Our study
did not find consistent changes in these regions, but the c-Fos
expression in the PVT changed substantially in both strains of mice
with intestinal epithelial ATF4 deletion. The PVT is an integral
part of the emotional processing network that responds to arousal,
reward, anxiety, depression, stress, and fear (51, 77-79). However,
its specific role in regulating chronic stress and related behaviors
has not been well elucidated. The PVT participates in stress-related
behavioral regulation, but some results are discrepant and require
further characterization (80). A recent study reported gut—PVT
signals regulating anxiety (46), implying that the PVT can receive
gut signals. Furthermore, the PVT can receive and send signals to
other brain regions, such as the lateral hypothalamus, central
nucleus of the amygdala, and bed nucleus of the stria terminalis,
which are closely related to stress-induced behavioral alterations
(79, 80). Hence, the PVT may send projections to stress-related
brain areas to exert corresponding behavioral alterations.

It remains unknown in our study, how TFF3 activates PVT
glutamatergic neurons. As mentioned above, TFF3 can activate
BDNF-ERK-CREB signaling in the hippocampal CA3 region
and PI3K/AKT signaling in the BLA (55, 58). How TFF3 acti-
vates these signals remains to be explored. Although TFF3 can
bind to EGFR, CXCR4, and LONGO?2 receptors (69, 81),
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specific cell surface receptors for TFF3 have not been identified.
More in-depth work is needed in the future.

In addition, there are several questions remain unsolved in our
studies. First, the relative role of inflammation in ATF4-deficient
mice was uncertain, as the embryonic intestinal ATF4 knockout
mice showed inflammatory phenotype, which is closely related to
stress and anxiety/depression-related behaviors (21, 22). However,
the effects of gut ATF4 on stress-related behavioral alterations were
also observed in inducible intestinal ATF4 deletion mice, which were
absent of intestinal inflammation, suggesting that inflammation was
unlikely to be involved in this regulation. The relative role of inflam-
mation in ATF4-deficient mice needs further investigation. Second,
though the inducible ATF4-deficient mice showed decreased sucrose
preference in SPT, we could not conclude that ATF4-deficient mice
were anhedonic, since we did not exclude the possibility such as taste
changes or caloric need (82). In addition, our study has the limita-
tions that we could not be absolutely sure that the effects of ATF4
deficiency are mediated by TFF3 or PVT, as PVT injection of TFF3
in wild-type mice also exhibits beneficial behaviors and inhibition
of PVT neurons exhibits stress-related behaviors. However, TFF3 is
directly regulated by ATF4 and the PVT neural activity has corre-
sponding changes after ATF4 deletion or chronic stress. Furthermore,
supplement of TFF3 and activation of PVT neurons could relieve
gut ATF4 deletion-induced behavioral alterations. We suspected that
the role of ATF4 deletion in this regulation may be mediated by
TFF3 and PVT neurons. The ATF4 overexpression model with
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Fig.6. Inhibition of PVT glutamatergic neurons blocks TFF3-induced beneficial effects in intestinal ATF4 knockout mice. (A) IF staining for c-Fos (green) in the PVT
(Left) and quantification of c-Fos cell numbers (Right) (F,;,=15.17; P=0.0005); D3V, dorsal 3rd ventricle. (B) Timeline of the tamoxifen injection, TFF3i.p. injection,
and behavioral tests in ATF4"™ or ATF4*E“!NP mjce. OFT, open-field test; EPM, elevated plus-maze test; TST, tail suspension test. (C) Representative tracks of mice
in OFT, travel distance (Brown-Forsythe ANOVA test, F*3_000127_48 =1.289; P = 0.3035), time spent in center (F;3, = 7.131; P = 0.0009), and percentage of distance
in center area (F33, = 7.854; P = 0.0005). (D) Representative tracks of mice in EPM, percentage of time spent in the open arms (F;3, = 7.916; P = 0.0005), and
percentage of entries into the open arms (F; 3, = 7.815; P = 0.0005). (£) Immobility time of TST (F; 3, = 9.359; P = 0.0001). (F) Summary diagram: Intestinal epithelial
ATF4 regulated the expression of the gut-secreted peptide TFF3, which activated PVT glutamatergic neurons to induce antidepressant effects. Studies for A were
conducted using 14 to 16-wk-old male ATF4"™ or ATF4*'"® NP mjce receiving i.p. injection of saline (-TFF3) or TFF3 (+TFF3); studies for B-F were conducted using
12 to 14-wk-old male ATF4™" or ATF4°'®“NP mice receiving AAVs expressing mCherry (~HM4Di) or HM4Di (+HM4Di), followed by CNO and TFF3 i.p. injection. Data
are expressed as the mean + SEM (the number of samples is indicated in the bar graph), with individual data points. Data were analyzed via one-way ANOVA or
specific test marked in the data. *P < 0.05, **P < 0.01, ***P < 0.001.

TFF3 inhibitor and PVT neural inhibition may help to solve this In conclusion, this study demonstrated that colonic epithelial
problem in the future. In fact, we could also not exclude other mech-  cell-specific ATF4 overexpression alleviated CRS-induced behaviors,
anisms or signals that may mediate the gut ATF4 roles in stress-related ~ whereas deletion of intestinal epithelial cell-specific ATF4 resulted in
behaviors, which require to be investigated in the following study. stress-related behaviors. Furthermore, gut ATF4 regulated TFF3
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expression and changed TFF3 levels in the serum and PVT, thereby
activating PVT glutamatergic neurons and ultimately exhibiting
beneficial behavioral alterations. Our research identified ATF4 as a
stress-responsive signal contributing to stress-related behaviors and
described a TFF3-dependent pathway regulating stress-related behav-
iors. Moreover, a unique pathway of the gut—brain axis connecting
intestinal epithelial cells with the PVT via peptide signaling has been
characterized. Our research provides further evidence for the role of
gut-brain signals in the regulation of stress-related behaviors and
identifies possible targets for the pharmacological treatment of
stress-related behavioral disorders.

Materials and Methods

Mice and Diets. All mice were of a C57BL/6J background. ATF4-floxed (ATF4™™),
Villin-Cre, and Villin-CreER mice were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA) (33, 43).To generate embryonic intestine-specific ATF4 knock-
out (ATF4“") mice, Villin-Cre mice were crossed with ATF4™ mice. To generate
inducible intestine-specific ATF4 knockout (ATF4'¥™°) mice, Villin-CreER mice
were crossed with ATFA"" mice. Tamoxifen (50 mg/kg; Sigma-Aldrich) suspended
in corn oil (Sigma-Aldrich) was intraperitoneally (i.p.) injected into 8-wk-old male
ATFA™™ or ATF4* "0 Jittermate mice every other day for 10 d to generate mice
with adult-onset ATF4 deletion in the intestine. The behavioral tests or biochem-
ical test was performed at least 10 d after the final injection of tamoxifen. Food
intake and body weight were recorded daily. The mice were maintained under a
12-h/12-h light/dark cycle (lights on at 07:00/lights off at 19:00) and 22 to 25 °C,
with ad libitum access to water and rodent standard chow diet before the exper-
iments. Animal experiments were conducted in accordance with the guidelines
of the Institutional Animal Care and Use Committee of Fudan University.

Ethic Statements. Animal research complied with all relevant ethnic regulations.
These studies received ethical approval by the Institutional Animal Care and Use
Committee of Fudan University.

Isolation of Intestinal Epithelial Cells. The epithelial cells of the intestines
were extracted as described previously (33, 83). Briefly, mice were first killed, and
intestines were collected and opened longitudinally and immediately washed
with ice-cold PBS thoroughly. After that, four segments of the intestines were
placed in 1.5 mM EDTA in Hank's balanced salt solution (HBSS) without calcium
and magnesium and under gentle shaking for 10 min at 37 °C. The mucosa was
incubated again with HBSS/EDTA for 10 min at 37 °C. Tissue fragments were
removed, and cells recovered in the suspension were collected.

Colonic AAV Administration. To overexpress ATF4 in colon epithelial cells, Villin-
Cre mice were fasted overnight and injected with 100 pL Cre-dependent AAVs,
containing the ATF4 sequence and mCherry protein in the opposite orientation
flanked by two inverted loxP sites (AAV2/9-EF1a-DIO-ATF4-mCherry; 1 x 10"
Pfu/mL)(84), or AAVs, containing only mCherry (AAV2/9-EF1a-DIO-mCherry; 1 x
10" Pfu/mL), into the colon ata depth of 4 cm from the anus (85, 86). Next, the
mice were held inan inverted vertical position for 5 min to ensure the distribution
of the AAVs throughout the colon. The mice were allowed for recovery and AAV
expression for 4 wk before the experiments.

Stereotaxic Surgery and Intracerebral Cannulation. Stereotaxic sur-
gery and intracerebral cannulation were performed using a stereotaxic frame
(Stoelting) (87, 88). Mouse body temperature was maintained using a heating
pad. Ophthalmic ointment was applied to maintain eye lubrication. Before the
surgery, male mice were i.p. injected with a combination of xylazine (10 mg/
kg) anesthesia and ketamine (100 mg/kg) analgesia. A cannula was placed into
the paraventricular thalamus (PVT; coordinates: ML: 0 mm, AP: =1.5 mm, DV:
—3.1 mm from bregma), and two screws were placed at the lambdoid structure
to aid in supporting the cannula in the skull with dental cement. The mice were
allowed to recover from anesthesia on a heat blanket and were injected for 3 d
with antibiotics (ceftriaxone sodium, 0.1 g/kg i.p.) to prevent infection. The mice
were individually housed and allowed to recover for 7 to 10 d after the surgery.

Drugs and Treatment. For intracerebral injection of TFF3, recombined mouse
TFF3 (Novoprotein) was freshly dissolved in sterile saline (1 ng/pL) (58). TFF3 or
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saline (1 pL) was injected into the PVT 30 min before the experiments. For TFF3
i.p. injection, TFF3 (0.1 mg/kg) or saline was injected at a volume of 10 mL/kg
body weight 30 min before the experiments (55).

DREADDs. To activate PVT glutamatergic neurons using DREADDs, ATF4™,
ATFAEEND o1 wild-type (WT) mice were stereotaxically injected with 200 nL AAVs
including a CAMKIlox promoter encoding an excitatory DREADD GPCR (hM3Dg;
AAV2/9-CAMKIla-hM3Dg-mCherry, 4 x 10" Pfu/mL) or only encoding mCherry
(AAV2/9-CAMKIla-mCherry, 4 x 10" Pfu/mL) as a control into the PVT.

To inhibit PVT glutamatergic neurons using DREADDs, we injected the PVT of
WT, ATFA™ or ATF4*'E“P mice with AAVs including a CAMKIlax promoter express-
ing inhibitory DREADD GPCR (hM4Di; AAV2/9-CAMKIlo-hM4Di-mCherry, 4 x
10'? Pfu/mL), or mCherry (AAV2/9- CAMKIla-mCherry, 4 x 10" Pfu/mL).

Four weeks after AAV delivery, all mice received i.p. injections of clozapine
N-oxide (CNO; MedChemExpress) at 1 mg/kg of body weight for hM3Dq activa-
tion or at 3 mg/kg of body weight for hM4Di silencing.

CRS Protocol. The experiments were performed after acclimatizing the mice to
the experimental environment for a week. Male WT mice (8 to 11 wk old) were
divided into two weight-matched groups, the control and CRS groups. CRS mice were
exposed to 3-h restraint (13:00 to 16:00) daily for 21 d in a 50-mL tube with holes
that permitted breathing while restricting limb movements (41). The mice had no
access to food and water during restraint. At the same time, control mice were placed
intheir home cages without food or water. After restraint, the mice were returned to
home cages and given food and water ad libitum. Before subsequent experiments,
mice were allowed to rest 1 d after CRS to exclude acute stress effects (52).

Behavioral Assays. All behavioral tests were performed during the afternoon. All
animals were broughtinto the experimental room 1 h before the start of behavio-
ral tests and remained in this room throughout the test. Mice with DREADDs were
injected with CNO 30 min before the tests (89). For TFF3 i.p. or intracerebral injec-
tions, mice were injected with TFF3 or saline 30 min before the behavioral tests.
OFT. Mice were placed in the center of a white plastic open-field arena (50 cm x
50 cm x 50 cm) in a brightly lit room and allowed to explore freely for 10 min
(90).Avideo camera positioned directly above the arena was used to track animal
movements, recorded on a computer with LabState (AniLab) to determine the total
distance and the amount of time spent in the center of the chamber compared
to the edges. The OFT is commonly used for assessing exploratory behavior and
the general activity of animals. The area was cleaned with 75% ethanol after each
test to remove olfactory cues.

EpM. The EPM consisted of a central platform (5 x 5 cm?), two closed arms with
walls, and two opposing open arms without walls (25 cm x 5 cm). The maze was
placed 60 cm above the floor. Amouse was placed on the central platform facing
an open arm and was allowed to explore the maze for 5 min (90). The time spent
in the open arms and the number of entries into the open arms were analyzed
using LabState. The area was cleaned between tests using 75% ethanol.

7sT. Mice were individually suspended about 50 cm above the surface of a table
using adhesive tape that was placed roughly 1 cm from the tip of the tail. The
mice tails were passed through a small plastic cylinder to avoid tail climbing.
Each mouse was tested only once for 6 min (91). The test was videotaped from
the side, and the immobility time of the animal was measured in the last 5 min.
Mice were considered immobile without initiated movements, excluding passive
swaying. Video tracking data were analyzed using LabState software to extract
the immobility time.

FsT. The FST was conducted in a cylindrical container (15 cm diameter, 25 cm
height) that was filled with water (15 to 18 cm depth) at a temperature of 23
* 1 °Cas previously described (92). The mice were subjected to FST for 6 min.
Immobility was defined as time when mice remained floating or motionless with
only movements necessary for keeping balance in the water. The results were
shown as the amount of time (in seconds) that the mice spentimmobile during
the last 4 min of the test.

spT. Male mice were housed singly for 2 d and then habituated with one bottle of
water and another bottle with 1% sucrose solution for 2 d. The left/right location of
the bottles was switched every day to preventa possible effect of behavior. Before
the test, the mice were water-deprived for 24 h, then given access to two bottles of
water or sucrose. The first 1 h of sucrose intake over total water and sucrose intake
was used for calculation. Sucrose preference was measured as the percentage of
sucrose intake over total water and sucrose intake.
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Cell Culture and Treatments. The human colon epithelial cell line CCD-841
was purchased from the Cell Bank of Shanghai Institute of Cell Biology, Chinese
Academy of Sciences. Recombinant adenoviruses used for the expression of ATF4
(Ad-ATF4) and dominant-negative ATF4 mutant (Ad-DN-ATF4) were generated
using the AdEsay Adenoviral Vector System (pAdEasy-EF1a-MCS-CMV-EGFP vector;
Qbiogene)(93). CCD-841 cells were infected with Ad-GFP, Ad-ATF4, or Ad-DN-ATF4
atadose of 5 x 10° Pfu/well in 12-well plates for 48 h.

Luciferase Assay. pGL3-TFF3 promoter (—2,000 to 0 bp) was generated by
BioSune Corporation (Shanghai, China). CCD-841 cells were infected with Ad-ATF4
for 24 h and then cotransfected with the internal control vector pRL Renilla and
pGL3-TFF3 using Lipofectamine 2000. Firefly and Renilla luciferase activities were
assayed using Dual-Glo Luciferase Assay System (Promega).

Isolation and Treatment of Primary Thalamic Neurons. Primary cultures of
thalamic neurons were prepared and cultured as previously described (94). On
day 10, primary cultured neurons were treated with different concentrations of
TFF3. Cells were collected 30 min after treatment for mRNA extraction and 60 min
after treatment for IF staining.

TFF3 Level Measurements. TFF3 levels in the serum, gut, cerebrospinal fluid,
and PVT of mice were measured using Mouse TFF3 ELISA kit (E-EL-M1200c,
Vazyme Biotech, Nanjing, China) according to the manufacturer's recommen-
dations. The threshold of the TFF3 Elisa kit was 78.13 to 5,000 pg/mL and the
intra- and inter-assay coefficients of variation were less than 10 as provided in
the specification of the ELISA Kit.

Hematoxylin and Eosin (H&E) Staining and Nissl Staining. Colon tissue was
fixed in 4% paraformaldehyde (PFA) overnight. Tissues were embedded in paraffin
and cut into 8-pm slices. After deparaffinization and rehydration, sections were
stained with H&E. The stained sections were analyzed to determine the degree
of inflammation and tissue damage.

Fixed brain slices were stained with Nissl Staining Solution (Beyotime
Biotechnology) according to the specification.

IF Staining. Mice were transcardially perfused with saline followed by phos-
phate-buffered saline (PBS) containing 4% PFA. Mouse brains were dissected and
fixed overnight at 4 °C in 4% PFA, followed by cryoprotection in PBS containing
20% and 30% sucrose at 4 °C. Free-floating sections (25 pum) were prepared
with a cryostat. Slices were blocked for 1 h at room temperature in PBST (0.3%
Triton X-100) with 5% normal donkey serum, followed by incubation with primary
antibodies at 4 °C overnight and secondary antibodies at room temperature for
2 h. Primary antibodies used in IF experiments included anti-CAMKIla (1:1,000,
#50049) and anti-c-Fos (1:1,000, #2250; both Cell Signaling Technology).

Western Blot Analysis. Tissues were homogenized in ice-cold lysis buffer
(50 mM Tris HCI, pH 7.5, 0.5% Nonidet P-40, 150 mM NaCl, 2 mM EGTA, T mM
Na,;V0,, 100 mM NaF, 10 mM Na,P,0,, T mM phenylmethylsulfonyl fluoride,
10 pg/mLaprotinin, 10 pg/mLleupeptin). Tissue extracts were then immunoblot-
ted with anti-ATF4 (1:1,000, #11815, Cell Signaling Technology) and anti--actin
(1:5,000, Sigma-Aldrich) primary antibodies. The full gels of the western blots
together with molecular weight markers are shown in S/ Appendix, Fig. S18.

RNA Sequencing (RNA-Seq) and Data Analysis. Total RNA from ileum epi-
thelial cells was extracted using TRIzol (Invitrogen). For RNA sequencing library
synthesis, 2.5 pg total RNA was first depleted of rRNA using the Ribo-Zero
rRNA Magnetic Kit (Plant Seed/Root kit, Epicentre). Sequencing libraries were
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generated using NEBNext® UltraTM RNA Library Prep Kit for lllumina® (NEB, USA)
following manufacturer's recommendations. Sequencing was then performed on
an lllumina HiSeq 2500 platform, and 150 bp paired-end reads were generated.
Raw data (raw reads) of fastq format and clean reads were processed as described
previously (33). Differential expression analysis of the genes from two groups was
performed by using the DESeq2 R package. Genes with P-value <0.05, or fold
change >1.5 or <0.5, were chosen for further analysis by setting parameters
on the Majorbio Cloud Platform (Shanghai Majorbio Bio-pharm Technology). In
order to identify possible secreted proteins derived from the gut that may act on
the brain, we crossanalyzed our data with previously published data of annotated
as gut-secreted peptides as well as which have correlation on brain functions
(54). Finally, we ranked the results based on the significance of the correlation.

RNA Isolation and RT-PCR. RNAwas extracted using TRIzol reagent (Invitrogen).
mRNA was reverse-transcribed using a High-Capacity cONA Reverse Transcription
Kit (Thermo Scientific) and subjected to quantitative real-time PCR analysis using
SYBR Green | Master Mix reagent on an ABI 7900 system (Applied Biosystems).
The primer sequences used in this study are described in S/ Appendix, Table S1.

Statistical Analysis and Reproducibility. Statistical analyses were per-
formed using GraphPad Prism, version 8.0 (GraphPad Software). All values
were presented as the mean + SEM.Two groups were compared using the two-
tailed unpaired Student's t test. For experiments involving multiple compari-
sons, data were analyzed using one-way ANOVA or two-way ANOVA, followed
by Tukey's or Dunnett's multiple comparisons test. For the data that did not
pass the normality of distribution or the equal variances test, we analyzed the
results using other statistical methods (89). For data of the two groups with
unequal variances, two-tailed t tests with the Welch's correction were used.
For the two groups with nonnormally distributed data, Mann-Whitney U tests
were used. For the three or more groups with nonnormally distributed data,
the Kruskal-Wallis test followed by post hoc multiple comparison tests was
performed. For normally distributed data of three or more groups with unequal
variances, Brown-Forsythe ANOVA test was used. Individual data points were
shown for each histogram to reflect data variability, and the number of animals
per group was shown in the graph. Statistical significance levels were defined
as *P < 0.05,**P < 0.01,***P < 0.001, and ****P < 0.0001.The normality
of distribution, equal variances, t/F values, and degrees of freedom of the all
the data are shown in S/ Appendix, Table S2.

Data, Materials, and Software Availability. The resource data of RNA-Seq
have been deposited in NCBI Sequence Read Archive with the accession num-
ber PRINA838867 (53). All other study data are included in the article and/or
Sl Appendix.
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