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Abstract

The aryl hydrocarbon receptor (AhR) is a key regulator in the microbiome-gut-brain axis,

and AhR-active microbial metabolites modulate multiple neuronal responses. We recently
demonstrated that 3,3’-diindolylmethane (DIM) and 1,4-dihydroxy-2-naphthoic acid (DHNA), two
selective AhR modulators (SAhRMS), act as antidepressants in female mice. Thus, to examine the
role of intestinal AhR in depression, anxiety, and spatial learning, this study employed transgenic
mice in which the AhR was knockout only in the intestinal epithelium (AhRAIEC). Additionally,
this study examined whether the antidepressant effects of dietary DIM and DHNA is mediated

by intestinal AhR. AhRAIEC and WT female mice were fed daily with vehicle, 20 mg/kg DIM

or DHNA for three weeks prior to four weeks of unpredictable chronic mild stress (UCMS).

Mice were examined for weight gain, anhedonia-like behavior (sucrose preference test), anxiety
levels (open field, light/dark, elevated plus maze, novelty-induced hypophagia, and marble burying
tests), and spatial learning (Morris water maze). UCMS reduced weight gain in AhRAIECs, but
not WTs. Moreover, UCMS initially reduced sucrose preference in both AhRAIECs and WTs, but
over 4 weeks of UCMS, AhRAIECs develop resilience to UCMS-induced anhedonia. Additionally,
AhRAIECs exhibit slightly reduced anxiety in certain tests and faster spatial learning. DIM and
DHNA acted as antidepressants in both AhRAIECs and WTs. Thus, this study suggests that
intestinal AhR plays differential roles, mitigating stress effects on weight gain, and increasing
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stress effects on mood. However, the site of antidepressant action of SAhRMs, such as DIM and
DHNA, is not dependent on the expression of intestinal AhR.
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1. Introduction

The gut is estimated to host 3.8:1013 microbes, known as the gut microbiota [1, 2]. These
gastrointestinal (GI) microflora play an important role in the reciprocal communication
between the central nervous system (CNS) and the peripheral intestinal functions and affect
activation of neural pathways and mental status: a system known as the microbiome-gut-
brain axis [3]. Specifically, gut microbiota disturbance is associated with major depressive
disorder (MDD) [4-7]. Transplantation of fecal microbiota from MDD patients into germ-
free mice resulted in depression-like behaviors, while fecal microbiota transplantation from
healthy individuals decreased depressive and anxiety symptoms in both preclinical and
clinical studies [8-10]. Furthermore, administration of the probiotic bacteria Lactobacillus
(Firmicutes) and Bifidobacterium (Actinobacteria) to germ-free animals reduced depression-
and anxiety-like behaviors [11, 12].

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that

binds diverse ligands, including phytochemicals, AhR-active tryptophan metabolites,
dietary components, microbiota-derived metabolites, and pharmaceuticals [13-16]. AhR is
expressed across many organs and tissues, is recognized for its broader physiological role,
and was suggested to play a key role in the microbiome-gut-brain axis [17, 18]. There

are several studies demonstrating interactions between the gut microbiome and AhR-active
microbial metabolites on physiological and pathological processes in the brain [17, 19-22].
Additionally, intestinal AhR expression can modify the composition of intestinal microbial
metabolites [23-25]. Tryptophan diets that are metabolized to AhR ligands or dietary
supplements of indole, indoxyl-3-sulfate, indole-3-propionic acid, indole-3-aldehyde and
tryptamine regulate neurogenesis and the activity of brain-specific cell types, and attenuate
experimentally-induced multiple sclerosis [26-29].
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Our recent study demonstrated that orally administered 3,3'-diindolylmethane (DIM) and
1,4-dihydroxy-2-naphthoic acid (DHNA), two selective AhR modulators (SAhRMsS), act as
antidepressants in female mice [30]. Specifically, female mice were fed with DIM or DHNA
before being subjected to unpredictable chronic mild stress (UCMS), an established rodent
model of depression with high translational potential and relevance to human depression
[31]. Both DIM and DHNA prevented UCMS-induced anhedonia-like behavior, as measured
by a decrease in sucrose preference [30], a rodent model of depression-like behavior [32].
Anhedonia, a core feature of MDD, is the decreased ability to experience pleasure [33].
Moreover, 3,7-dihydroxy-2-naphthoic acid (3,7-DHNA), a structurally similar analog of
DHNA that is predominantly inactive as an AhR ligand [34], did not prevent UCMS-induced
anhedonia-like behavior [30], which suggests AhR plays a role in protecting against the
effects of UCMS.

DIM is derived from the ingestion and subsequent dimerization of indole-3-carbinol (13C,
also an AhR agonist) a chemoprotective phytochemical from cruciferous vegetables, which
is also available as a dietary supplement [35]. DHNA is a bacteria-derived metabolite
produced by Propionibacterium freudenreichiiand Lactobacillus casei[36-38]. Given

the suggested roles of gut microbiota and AhR in mental states, and particularly in
depression, in this study we employed transgenic mice in which the AhR was specifically
knocked out only in the intestinal epithelium (AhRAIEC) to examine the role of intestinal
AhR in depression, anxiety, and spatial learning. Additionally, we examine whether

the antidepressant effects of dietary DIM and DHNA are dependent on intestinal AhR
expression.

2. Methods

2.1. Animals

All procedures were conducted in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee. Constitutive villin Cre promoter was used to target Cre
recombination to epithelial cells in the Gl tract in AhR floxed (AhRf/f) mice (villinCre

x AhRf/f = AhRAIEC) [24, 39]. Female C57BL/6J intestinal epithelium-specific AhR
knockout mice (AhRAIEC) and their wildtype (AhRf/f) littermates were used in the

study. Mouse breeders and offspring were co-housed to increase the likelihood that the
microbiomes of the mice were similar. They were housed in a temperature-controlled (21
+/- 2°C, humidity 45%) vivarium with a 12-hour light/12-hour dark cycle (light on at 7:30
AM) with food and water ad /ibitum. Unless specifically mentioned, all tests were conducted
in rooms containing low illumination (60 W white light) and 40 dB white noise generator.

2.2. SAhRM Treatment

3,3'-Diindolylmethane (DIM) and 1,4-dihydroxy-2-naphthoic acid (DHNA) were purchased
from Sigma-Aldrich (St. Louis, MO). Mice were fed with vehicle, 20 mg/kg DIM or 20
mg/kg DHNA dissolved in corn oil and mixed into melted peanut butter [30]. Mice were
placed in individual cages for approximately 10-30 minutes until they finished eating and
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were then returned to their home cage. This method was chosen to avoid the stress of daily
gavage injection [40].

2.3. Unpredictable chronic mild stress (UCMS)

The UCMS protocol is described in detail in our recent publication [30]. Briefly, this
protocol does not include food or water deprivation. Seven stressors were administered
weekly over the course of 4-5 weeks - restraint, wet cage, cage replacement, tilted cage,
dampened bedding, empty cage, and light/dark disruption. The order of appearance and
daily schedule of each stressor was altered weekly.

2.4. Sucrose preference

Mice were monitored once weekly for their preference to consume sucrose. Once weekly,
for 2 consecutive days, animals were individually housed for 4 hrs with access to one bottle
of water and one bottle of 2% sucrose. The bottles were placed side by side, were freely
available, and their positions were switched daily in order to account for a side preference.
Sucrose preference was calculated as [milliliters sucrose solution consumed]/[milliliters
sucrose solution + milliliters water consumed]. For each mouse, data was averaged across
the 2 consecutive days.

2.5. Open Field Test (OFT)

This test was conducted in an automated optical beam activity monitor [40 x 40 x 30.5
(height) cm] (San Diego Instruments, San Diego, CA). A multiplexor-analyzer, which is
interfaced to a PC, simultaneously tracks the interruption of beams from the optical beam
activity monitors. The animal’s position in the apparatus is updated every 10 ms. The
integration of the data (using PAS Reporter software) about the location of the animals was
used to determine the duration of time spent in each zone (in seconds). Subjects were placed
in the center of the box to begin a 10-minute test session. The computerized integration of
the data was used to score time spent in the center and in the periphery.

2.6. Light/Dark (L/D) test

Based on [41], this test is assessed in the same activity boxes as the OFT, split into an 18x18
cm dark chamber and a light zone. A mouse was placed in the middle of the light chamber
and recorded for 10 min. The computerized integration of the data was used to score time
spent in the light and dark zones.

2.7. Elevated plus Maze (EPM)

Like in our previous studies [42], the EPM apparatus consists of four arms (87 mm wide,
155 mm long) elevated 63.8 cm above the ground, with two arms enclosed on two sides by
16.3 cm high opaque walls. Mice were placed in the center of the maze facing toward an
enclosed arm and recorded for 10 min by an overhead camera. Behaviors were scored from
the video for the duration of time spent in the open arms (defined as all four legs having
crossed the entrance line to one of the open arms), and the total number of crosses into the
center compartment.
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2.8. Novelty-Induced Hypophagia (NIH)

Based on [43], mice were introduced in their home cage to diluted condensed milk for 30
minutes daily for 3 consecutive days. Carnation sweetened condensed milk, diluted 1:3 in
water, was provided in plastic serological pipettes (10 mL) with attached sippers and rubber
stoppers that are mounted to the wire cage lid. On day 4, mice were tested individually in
their home cages with low illumination level (50 lux). Each mouse was removed from the
cage while the pipette is installed on the cage lid. Testing began immediately upon returning
to the home cage. On day 5, mice were tested in a novel cage free of bedding and in bright
illumination level (1200 lux). On both testing days, mice were recorded for the latency to the
first sip of milk.

2.9. Marble Burying (MB) test

Based on [44], each mouse was placed in a large cage (40 x 24 x 20 cm) filled with bedding
5 cm deep from the cage floor and 20 blue marbles (positioned in 4 x 5 grid) for 30 min.
Marbles were counted as buried if 2/3 or more was covered by bedding. Number of buried
marbles was recorded.

2.10. Morris water maze (MWM)

Based on [45]. A 36" diameter pool was used as the maze with a 5in? clear Plexiglas
platform placed at the eastern equator 7in from the edge of the pool. The room featured
distinct visual cues on the northern, eastern, and western walls, and the experimenter stood
in a marked position in the southern side of the room. The time to reach the platform

was recorded on six consecutive days. On days 1-5, mice were subjected to 4 daily trial
sessions; the start position was rotated across days and sessions, and the time to reach the
platform over the 4 daily sessions was averaged. On day 6, the challenge day, a considerably
different, previously unused, start position was chosen and the time to reach the platform
was recorded.

2.11. Experimental Design

As demonstrated in Fig 1, following a habituation period, mice (8-10 weeks old; n=6-10

per experimental group) were administered daily with vehicle, DIM, or DHNA for 10
weeks. During weeks 4-7 of ligand administration, mice either remained unstressed or were
subjected to the UCMS protocol. Sucrose preference tests were conducted once weekly at
the end of weeks 5-8 of ligand administration. During week 9 of ligand administration, all
mice were tested for their behaviors in the following paradigms in the same order: OFT (Day
1 in the morning), MB (day 1 in the afternoon), L/D test (Day 2 in the morning), EPM (Day
2 in the afternoon), and NIH (days 4 and 5). During week 10, mice were tested in the MWM
task.

Results presented in section 3.1 focus on role of intestinal AhR in depression-like behavior,
anxiety and cognition. For this comparison we analyzed the data from mice that received
vehicle, and this section compares the behaviors of WT/NS (n=10), WT/UCMS (n=10),
AhRAIEC/NS (n=7), and AhRAIEC/UCMS (n=10). NS = No stress. Results presented

in section 3.2 focus on a secondary question of whether intestinal AhR mediated the
antidepressant effects of DIM and DHNA. For this comparison we analyzed the data from
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mice that were subjected to UCMS, and this section compares the behaviors of WT/NL
(n=10), WT/DIM (n=6), WT/DHNA (n=6), AhRAIEC/NL (n=10), AhRAIEC/DIM (n=9),
AhRAIEC/DHNA (n=9). NL = No Ligand, referring to mice receiving vehicle.

2.12. Data Analysis

For each behavioral test, data was analyzed using MANOVA (IBM SPSE Statistics 27)

for the between-group factors of genotype (WT, AhRAIEC), stress (NS, UCMS), ligand
(vehicle, DIM, DHNA) and within-group factors of week or day as applicable. Post hoc
contrasts between each treatment group were conducted using the Bonferroni procedure.
Differences with p-values of less than 0.05 were deemed statistically significant. Results are
presented as mean + SEM.

3. Results

3.1. Epithelium-specific AhR knockout mice (AhRAIEC)

3.1.1. UCMS reduces weight gain in AhRAIEC mice—Analysis of weight gain
revealed a significant main effect of day (F(27, 891)=48.177, p<0.0001), and significant
interactions between genotype and day (F(27, 891)=3.475, p<0.0001) and stress and day
(F(27, 891)=4.697, p<0.0001). Although visually it appears that the unstressed AhRAIEC
mice gain more weight than the unstressed WTSs, there were no significant differences in
weight gain between unstressed WT and AhRAIEC mice (p>0.5). UCMS did not have a
significant effect on weight gain in WT animals (Fig. 2A). Although it appeared to have
a minor transient effect at the onset of UCMS, it did not reach statistical significance. In
contrast, UCMS reduced weight gain in the AhRAIEC mice, which became statistically
significant toward the end of the second week and continued for the duration of UCMS
procedure (Fig. 2B).

3.1.2. Resilience of AhRAIEC to UCMS-induced anhedonia—Analysis of sucrose
preference revealed significant main effects of genotype (F(1, 33)=26.445, p<0.0001),

stress (F(1, 33)=74.576, p<0.0001), and week (F(4, 132)=8.173, p<0.0001), and significant
interactions between genotype and stress (F(1, 33)=10.191, p<0.01), genotype and week
(F(4, 132)=9.090, p<0.0001), stress and week (F(4, 132)=10.553, p<0.0001), and genotype,
stress and week (F(4, 132)=3.523, p<0.05). As illustrated in Fig. 3, no significant differences
in sucrose preference between the experimental groups were observed in the pre-test. Two
weeks of UCMS induced significant decrease in sucrose preference in both the WT and
AhRAIEC mice. As expected, sucrose preference of the WT mice remained low for the
entire duration of the UCMS and one week post-UCMS. However, sucrose preference

of the AhRAIEC mice started to recover by week 3 of UCMS, and by week 4 were
indistinguishable from control unstressed mice.

3.1.3. Effects on anxiety in AhRAIEC mice

Marble burying test: Analysis revealed significant main effects of genotype (F(1,
33)=9.461, p<0.01) and stress (F(1, 33)=4.472, p<0.05). UCMS increased the number of
buried marbles, but overall AhRAIEC mice buried fewer marbles than WT mice (Fig. 4A).
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Novelty-induced hypophagia: Analysis of the latency for first lick in home cages revealed
a significant interaction between genotype and stress (F(1, 33)=4.472, p<0.05). Latency for
first lick was shorter for unstressed AhRAIEC mice compared to unstressed WT mice (Fig.
4D). UCMS had opposing effects in WT and AhRAIEC mice, reducing the latency in WTs
and increasing the latency AhRAIEC mice. However, no significant effects were observed in
the total amount consumed in home cages (Fig 4E) as well as in their behaviors in the novel
environment (Fig. 4F and Fig. 4G).

Elevated plus maze: Analysis revealed a significant main effect of stress (open arm time:
F(1, 33)=10.561, p<0.01; open arms entries: F(1, 33)=14.122, p<0.001; total crosses: F(1,
33)=20.904, p<0.0001). However, no significant differences were observed between the WT
and AhRAIEC mice (Fig. 4H and Fig. 4l).

OFT and L/D Test: No significant effects were observed (Fig. 4B and Fig. 4C). A trend
was observed for reduced time spent in the center of the OFT and reduced UCMS-effect on
center time in the AhRAIEC mice, but it did not reach statistical significance.

3.1.4. A slightly faster spatial learning in AhRAIECs—Analysis of MWM
performance revealed a significant main effect of day (F(5, 165)=76.998, p<0.0001) and

a significant interaction between genotype and day (F(5, 165)=2.515, p<0.05). AhRAIEC
learned the position of the hidden platform slightly faster (Fig. 5). There was no significant
effect of UCMS in either WT or AhRAIEC mice.

3.2 DIM and DHNA antidepressant effects are not mediated via AhR expressed in the
intestinal epithelium

3.2.1. DIM and DHNA prevents UCMS-induced anhedonia in both AhRAIECs
and WTs—Analysis of sucrose preference revealed significant main effects of genotype
(F(1, 44)=9.980, p<0.01), ligand (F(2, 44)=59.303, p<0.0001), and week (F(4, 176)=12.542,
p<0.0001), and significant interactions between genotype and ligand (F(2, 44)=18.949,
p<0.0001), genotype and week (F(4, 176)=2.988, p<0.05), ligand and week (F(8,
176)=4.149, p<0.0001), and genotype, ligand and week (F(8, 176)=3.471, p<0.001). No
significant differences in sucrose preference between the experimental groups were observed
in the pre-test. DIM and DHNA prevented UCMS-induced decrease in sucrose preference in
both WT (Fig. 6A) and AhRAIEC (Fig. 6C) mice.

3.2.2. DIM and DHNA effects on weight gain—Analysis of weight revealed a
significant main effect of day (F(27, 1188)=17.591, p<0.0001), and significant interactions
between day and genotype (F(27, 1188)=3.809, p<0.0001), and day and ligand (F(54,
1188)=1.633, p<0.01). DIM and DHNA did not have a significant effect on weight gain in
WT mice (Fig. 6B). For the AhRAIECs, mice receiving DHNA gained more weight prior to
the beginning of UCMS (Fig. 6D). Although DIM, and to a lesser degree DHNA, appears
to mitigate the effects of UCMS on weight gain, given the high within-group varibility, it
did not reach statistical significance (Fig. 6D). However, in AhRAIEC, UCMS significantly
reduced weight gain in mice treated with vehcile as compared to unstressed control mice
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(NL/NS vs. NL/UCMS, Fig. 2B). However, when comparing to NL/NS mice, UCMS did not
significanly reduce weight gain in AhRAIEC mice treated with DIM and DHNA.

4. Discussion

The results of this study suggest that AhR in the intestinal epithelium plays a multifaceted
role in stress sensitivity and the development of various symptoms of depression, i.e.
anhedonia and somatic effects. We demonstrated that both AhRAIEC and WT female mice
develop anhedonia-like symptoms following UCMS. However, over 4 weeks of UCMS,

in contrast to their WT counterparts, female AhRAIEC mice develop resilience to the
anhedonia-like state induced by UCMS. Moreover, UCMS significantly suppressed body
weight gain in AhRAIEC females, but not WTs. Close examination of the timeline revealed
that the effects of UCMS on body weight gain in AhRAIEC mice is persistent, suggesting
a significant reduction of food consumption for the entire duration of UCMS. On the other
hand, while the desire for pleasurable palatable sucrose was initially reduced it began to
recover on week 3 of UCMS. These results suggest that in WT mice intestinal epithelium
AhR decreases the sensitivity to somatic effects of stress manifested in body weight

gain. In contrast, intestinal epithelium AhR is essential for increasing and maintaining the
persistence of stress-induced anhedonic depressive symptoms in WT females.

In this study we examined an anhedonic-like effect (i.e. sucrose preference) as a measure of
depression-like effect. Our results demonstrate that the unstressed AhRAIEC animals have
normal sucrose preference. Thus, considering the normal sucrose preference observed in the
unstressed AhRAIEC mice, the short timeline of the effect of UCMS on sucrose preference,
and the persistent effect of UCMS on weight gain, it is highly unlikely that the UCMS
effects on sucrose preference observed in this study is due to effects on ingestive behaviors.
However, future studies should further strengthen the findings of this study by including
other measures of depression-like behaviors (such as forced swim test).

Gut microbiota can affect emotional and cognitive functions and has been implicated in
mental well-being [3]. Importantly, AhRRAIEC mice have an altered fecal microbiome, which
may explain their resilience to UCMS-induced anhedonic behavior [24]. When fed standard
low-fat diet, AhNRAIEC females had lower abundance of Bacteroidetes, Bifidobacterium,
Clostridiaceae, Coprococcus and Paraprevotella as compared to WTSs. Thus, resilience

to depression in AhRAIEC mice is in line with high abundance of Paraprevotella and
Clostridiaceae reported in MDD patients [7]. In contrast, low abundance of Bifidobacterium
and Coprococcus was reported in MDD patients [7]. Additionally, Bifidobacterium and
Lactobacillus were demonstrated to synergistically reduce stress-induced anxiety- and
depression-like behaviors [46]. Importantly, these effects were mediated, at least partially, by
reducing the abundance of Proteobacteria and Bacteroidetes populations in the gut. Notably,
although likely not mediated via Bifidobacterium, lower abundance of Bacteroidetes was
observed in the AhRAIECs [24].

Moreover, AhRAIEC females had higher levels of fecal tryptamine as compared to WTs
[24]. Tryptamine, a tryptophan metabolite, is a well-established ligand for the AhR [47-49],
and attenuates the development of multiple sclerosis in animal model [50]. Given that
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certain AhR ligands act as antidepressants [30], high levels of tryptamine might provide
AhRAIEC females with resilience to the AhRAIEC anhedonia-like states. Thus, alterations
of microbioa and metabolomic profiles in the AhRRAIECs might explain their resistance to
stress-induced anhedonia-like symptoms.

AhRAIEC females buried fewer marbles and took the first sip of milk sooner in the NIH test,
suggesting AhRAIEC mice are less anxious than the WT mice. However, no significant
differences were found in other anxiety tests. Thus, these data suggest that intestinal
epithelium AhR might contribute to higher levels of anxiety in certain tests. Moreover,
AhRAIEC females exhibit slightly faster spatial learning. It is possible that the reduced
anxiety observed in the AhRAIEC mice could contribute toward faster learning of the spatial
task by a decrease in anxiety-related distraction. Alternatively, it has been suggested that gut
microbiota affects spatial learning [51-53], and Lactobacillus reduced anxiety and enhanced
spatial learning in the MWM [54]. Thus, it is possible that alterations in gut microbiota
composition contributed to both reduced anxiety and enhanced spatial learning observed in
the AhRAIECs.

In this study we also examined whether the antidepressant effect of two SAhRMs, DIM

and DHNA, is mediated via the intestinal AhR. The AhR receptor is very complex, and
ligand-directed signaling via the receptor, especially in the brain, is not fully understood.
Various ligands can act as agonists or antagonists in different cells and tissue, and have
differential effects in the modulation of different signaling pathways within the same cells
[14, 15]. Therefore, in this study we describe this compound as modulators, and focus on
their effect as antidepressants. The underlying molecular and cellular mechanisms mediating
their antidepressant effects are largely unknown, and should be further investigated in
future studies. Notably, the antidepressant effects of DIM and DHNA are not dependent

on intestinal AhR expression. DIM and DHNA acted as antidepressants in the AhRAIEC
mice during the first 3 weeks of UCMS when the AhRAIEC:s still displayed UCMS-induced
anhedonia-like symptoms. In other words, DIM and DHNA have similar effectiveness as
antidepressants in both AhRAIEC and WT mice. Thus, although this study suggests that
intestinal AhR contributes to the effects of stress on mood, the site of action of DIM

and DHNA is likely not in the gastrointestinal tract. AhR is expressed broadly throughout
the brain, and particularly in the frontal cortex, hippocampus, and hypothalamus [55],

areas implicated in depression. Notably, the AhR receptor was linked to expression levels
of brain-derived neurotrophic factor (BDNF) [56]. In particular, DIM was demonstrated

to have neuroprotective and anti-apoptotic properties [57], and increase the expression

of BDNF [58]. BDNF levels were demonstrated to be reduced in the hippocampus of
rodents following UCMS [59] as well as in individuals suffering from depression [60],

and antidepressant treatments increase BDNF levels [61]. Together this suggests DIM and
DHNA'’s antidepressant properties may involve BDNF, and future studies will examine their
effect on BDNF levels following UCMS.

5. Conclusions

Our findings suggest intestinal AhR plays differential roles, mitigating the effects of stress
on weight gain, but in contrast has an essential role in increasing and maintaining the effects
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of stress on mood. Future studies should examine the underlying mechanisms, and whether
these effects are mediated via AhR’s role in regulating gut microbiota and metabolomics.
Additionally, future studies should further examine the potential role of intestinal AhR in
anxiety and cognition. Although intestinal AhR appears to play a role in mood, the site

of antidepressant action of SAhRMs, such as DIM and DHNA, is not the intestinal AhR.
Future studies should examine the role of BDNF expression levels in the antidepressant
effects of AhR ligands. Additionally, stereotaxic injection of a pharmacological antagonist
and tissue specific knockouts will be require to determine the site of antidepressant action of
AhR ligands.
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Highlights
. UCMS reduces weight gain in AhRKOs, but not WTs
. AhRKOs, but not WTs, develop resilience to the anhedonic effects of UCMS

. AhRKOs exhibit slightly reduced anxiety and faster spatial learning

. Intestinal AhR plays differential role in the effects of stress on weight and
mood
. The antidepressant effect of AhR ligands is not mediated via intestinal AhR
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Fig 1. Experimental design.
Wk = Week; D = Day; Anxiety testing = testing in the Open Field Test (OFT), Marble

Burying (MB), Light/Dark (L/D) test, Elevated Plus Maze (EPM), and Novelty-Induced
Hypophagia (NIH) paradigms; UCMS = Unpredictable chronic mild stress; SP = sucrose
preference test; MWM = Morris water maze.
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Fig 2. UCMS reduces weight gain in AhRAIEC, but not WT mice.
Mice were unstressed or subjected to UCMS for 4 weeks. (A) WT/NS (n=10) — unstressed

WT mice; WT/UCMS (n=10) — WT mice subjected to UCMS; (B) AhRAIEC/NS (n=7)
— unstressed intestinal epithelium AhR KO mice; AhRAIEC/UCMS (n=10) — intestinal
epithelium AhR KO mice subjected to UCMS. (*) Bonferroni post hoc contrast indicates a
significant difference from WT/NS (p < 0.05); (e) Bonferroni post hoc contrast indicates a
significant difference from AhRAIEC/NS (p < 0.05). NS = No Stress. Results are presented

as mean + SEM.
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Fig 3. Differences in UCMS-induced anhedonia between AhRAIEC and WT mice.
Mice were unstressed or subjected to UCMS for 4 weeks. Sucrose preference was monitored

before starting UCMS, and at the end of the second, third and fourth week of UCMS,

and 1 week post UCMS. WT/NS (n=10) — unstressed WT mice; WT/UCMS (n=10) - WT
mice subjected to UCMS; AhRAIEC/NS (n=7) — unstressed intestinal epithelium AhR KO
mice; AhRAIEC/UCMS (n=10) — intestinal epithelium AhR KO mice subjected to UCMS.
(*) Bonferroni post hoc contrast indicates a significant difference from WT/NS (p < 0.05);
(e) Bonferroni post hoc contrast indicates a significant difference from AhRAIEC7NS (p
< 0.05) (8) Bonferroni post hoc contrast indicates a significant difference from AhRAIEC/

UCMS (p < 0.05). Results are presented as mean + SEM.
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Fig 4. AhRAIEC mice exhibit slightly reduced anxiety in certain tests.
Mice were unstressed or subjected to UCMS for 4 weeks. Then, mice were examined for

number of buried marbles (A); time spent in the center in the OFT (B); time spent in the
light compartment in the L/D test (C); latency for the first sip in the NIH test in their home
cages (D) and novel environment (F); total consumption of milk in the NIH test in their
home cages (E) and novel environment (G); and time spent in the open arm (H) and total
crosses (1) in the EPM. Results are presented as mean + SEM.
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Fig 5. AhRAIEC mice exhibit slightly faster spatial learning.
Mice were unstressed or subjected to UCMS for 4 weeks. Then, mice were examined

for six consecutive days for the time to find a hidden platform in the MWM. WT/NS
(n=10) — unstressed WT mice; WT/UCMS (n=10) — WT mice subjected to UCMS;
AhRAIEC/NS (n=7) — unstressed intestinal epithelium AhR KO mice; AhRAIEC/UCMS
(n=10) - intestinal epithelium AhR KO mice subjected to UCMS. Results are presented as
mean + SEM.
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Fig 6. DIM and DHNA act as antidepressants in both AhRAIEC and WT mice.
Mice received vehicle (referred to as NL = No Ligand), DIM or DHNA, and then were

subjected to UCMS for 4 weeks. Sucrose preference was monitored before starting UCMS,
and at the end of the second, third and fourth week of UCMS, and 1 week post UCMS.

(A) Sucrose preference and (B) weight gain of WT/NL (n=10) — WT mice receiving
vehicle; WT/DIM (n=6) — WT mice receiving DIM; WT/DHNA (n=6) — WT mice receiving
DHNA. (C) Sucrose preference and (D) weight gain of AhRRAIEC/NL (n=10) — intestinal
epithelium AhR KO mice receiving vehicle; AhDRAIEC/DIM (n=9) — intestinal epithelium
AhR KO mice receiving DIM; AhRAIEC/DHNA (n=9) — intestinal epithelium AhR KO
mice receiving DHNA.. (*) Bonferroni post hoc contrast indicates a significant difference
from the genetically corresponding experimental group receiving NL (p < 0.05). Results are
presented as mean + SEM.
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