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Abstract

Background—oOur recent study demonstrated that selective aryl hydrocarbon receptor
modulators (SAhRMS), such as 1,4-dihydroxy-2-napthoic acid (DHNA) act as antidepressants
in female mice. Given that some effects of certain SAhRMs are known to also be mediated
via estrogen receptor signaling, this study examined whether the effects of SAhRMs on mood,
emotional state, and cognition are sex-dependent.

Methods—C57BL/6N mice were fed with vehicle or 20 mg/kg DHNA for three weeks prior to
four weeks of unpredictable chronic mild stress (UCMS). Mice were examined for depression-like
behaviors (sucrose preference, forced swim test (FST), splash test, tape groom test), emotional
state (open-field test, light/dark test, marble burying, novelty-induced hypophagia, elevated-plus
maze), and cognition (object location recognition, novel object recognition, Morris water maze).

Results—In females, UCMS decreased sucrose preference and increased FST immobility time;
both effects were prevented by DHNA. In males, UCMS increased FST immobility time, and
increased the latency to groom in the splash test. These effects were not mitigated by DHNA.
However, in males, UCMS induced an increase in novelty-induced locomotion, an increase in the
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time spent in the light compartment in the L/D test, and an increase in the time spent with an
object in a novel location. These effects were prevented by DHNA.

Conclusions—Our findings indicate that DHNA has high potential to act as antidepressants in
females. However, given classical interpretation, DHNA did not appear to act as an antidepressant
in males. Nonetheless, our findings indicate that DHNA can mitigate stress effects and reactivity

in males.

Keywords

Stress; Depression; Anxiety; Cognition; Aryl hydrocarbon receptor (AhR); 1,4-dihydroxy-2-
naphthoic acid (DHNA)

Introduction

Major depressive disorder (MDD) is a severe and debilitating disorder that affects
approximately 280 million people worldwide (WHO, 2022). Depression reduces an
individual’s life quality, work productivity, family and social functioning, and it is a leading
cause of suicide (Ferrari et al., 2013, Hawton et al., 2013, O’Rourke et al., 2022). Although
multiple pharmacological and behavioral treatments are currently available (Mclintyre et
al., 2014, Kautzky et al., 2019), about two-thirds of patients need to evaluate multiple
medications, a process that takes months, before they experience symptom relief (van
Bronswijk et al., 2019). Moreover, some do not respond to, or experience remission with
currently available medications. Thus, although there are options for treating depression,
there is still a critical need for improving our understanding of the underlying causes of
depression and to provide improved, more precise, medications for individuals who do not
respond well to presently available MDD treatments.

Our recent study demonstrated that selective aryl hydrocarbon receptor (AhR) modulators
(SAhRMs) have a potential to act as an antidepressant (Madison et al., 2022). The AhR is a
ligand-activated transcription factor that binds diverse ligands, including phytochemicals,
endogenous biochemicals, microbial metabolites, and pharmaceuticals. Many of these
SAhRMs exhibit AhR-dependent health benefits (Safe et al., 2018, Safe et al., 2020,
Stockinger et al., 2021). Previously, we examined female mice, given that the prevalence of
MDD is almost double in females as compared to males (Albert, 2015). We examined 3,3’-
diindolylmethane (DIM) and 1,4-dihydroxy-2-naphthoic acid (DHNA), two SAhRMs that
exhibit significant AhR agonist activity in multiple cell types (Cheng et al., 2017, Safe et al.,
2018, Safe et al., 2020, Stockinger et al., 2021, Vermillion Maier et al., 2021). We employed
unpredictable chronic mild stress (UCMS), an established rodent model of depression with
high translational potential and relevance to human depression (Willner, 2017). UCMS
induces a decrease in sucrose preference, which serves as a rodent model to measure
anhedonia (Strekalova et al., 2006). Anhedonia is the decreased ability to experience
pleasure (Ribot, 1896) and is a core feature of MDD (Kennedy, 2008). Female mice that
were administered with DIM or DHNA before being subjected to UCMS did not exhibit
UCMS-induced anhedonia-like. Female mice that were administered these compounds after
the start of UCMS initially exhibited anhedonia-like behaviors, but recovered upon receiving
the ligands (Madison et al., 2022). Moreover, 3,7-dihydroxy-2-naphthoic acid (3,7-DHNA),
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a structurally similar analog of DHNA that is predominantly inactive at the AhR (Cheng et
al., 2017), did not prevent UCMS-induced anhedonia-like behaviors, suggesting a possible
role for AhR ligands in protecting against the effects of UCMS.

Many AhR ligands, such as the polyphenolics, bind to both the AhR and the estrogen
receptor (ER) (Parkin and Malejka-Giganti, 2004, Wihlén et al., 2009, Marques et al., 2014).
Furthermore, ER-beta and AhR are highly co-localized in cortical tissue, and ERs exhibit
reciprocal interactions with AhR, particularly in the presence of AhR agonists (Wormke

et al., 2003, Matthews et al., 2005, Matthews and Gustafsson, 2006, Kajta et al., 2009,
Tarnow et al., 2019). Thus, we hypothesize that the antidepressant effects of SAhRMs are

to some degree sex-dependent. Therefore, in this study we compared the effects of DHNA
to prevent UCMS-induced depression-like behaviors between males and females. Mice were
examined for sucrose preference, as an indicator for anhedonia (Strekalova et al., 2006), and
immobility in the forced swim test (FST) as an indicator for despair (i.e. feeling of futility or
hopelessness) (Porsolt et al., 2001). Additionally, we used the splash test and the tape groom
test, which are associated with levels of self-care and motivational behavior (Isingrini et al.,
2010, Bouguiyoud et al., 2021). Furthermore, similar to our previous study, using a battery
of behavioral tests, we also examined the effects of DHNA on emotional state and cognition.

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. In this study, 56 female and 64 male mice were used. C57BL/6N
mice were purchased from Envigo Laboratories (Houston, Texas, USA) and housed four per
cage with food and water ad /ibitum 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). Mice arrived in

the vivarium at 6—7 weeks old and were acclimated for at least 6 days before beginning the
experiment. 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

1,4-dihydroxy-2-naphthoic acid (DHNA, 97%) was purchased from Sigma-Aldrich (St.
Louis, MO). Mice were fed with vehicle or 20 mg/kg DHNA dissolved in corn oil and mixed
into melted peanut butter (Madison et al., 2022). Mice were placed in individual cages for
approximately 10-30 minutes until they finished eating and were then returned to their home
cage. This method was chosen to avoid the stress of daily gavage injection (Gonzales et al.,
2014).

2.3. Unpredictable chronic mild stress (UCMS)

The UCMS protocol is described in detail in our recent publication (Madison et al.,
2022). Briefly, this protocol does not include food or water deprivation. Seven stressors
were administered weekly over the course of 4-5 weeks - restrainer, wet cage, cage
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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 Depression-like behaviors:

2.4.1 Sucrose preference—Each week, for 2 consecutive days, animals were
individually housed for 4 hours and had access to one bottle of water and one bottle of

3% sucrose. The bottles were placed side by side, were freely available, and their positions
were switched daily 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.

2.4.2 Forced swim test (FST)—A 35 cm height x 20 cm diameter cylindrical tank was
filled with water to a depth of 15 cm, which was allowed to adjust to room temperature
(23-25° C). The temperature was monitored for consistency throughout the testing. A single
animal was placed in the cylinder for 6 minutes and recorded by a ceiling-mounted video
camera. Videos were scored by two experimenters and the average immobility time from the
two experimenters was calculated for each animal.

2.4.3 Splash test—Each mouse was placed in an empty home cage (free of bedding).
The mouse’s dorsal coat was sprayed with a 10% sucrose solution and was observed for 5
minutes for latency to begin grooming and time spent grooming.

2.4.4 Tape groom test—A mouse was placed in an empty home cage (free of bedding).
A small piece (1 cm x 1 cm) of laboratory tape was placed on the mouse’s back. The mouse
was observed for latency to begin grooming the tape.

2.5 Emotional State

This battery of tests was conducted as described in our previous study (Madison et al.,
2022). The difference between each behavior after and before being subjected to UCMS was
calculated for each mouse.

2.5.1 Novelty-induced locomotion and open field test (OFT)—These tests were
conducted in an automated optical beam activity monitor [40 x 40 x 30.5 (height) cm].
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 locomotion (total distance traveled in
cm) and time spent in the center and in the periphery.

2.5.2 Light/dark (L/D) test—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 minutes. The computerized integration of the data was
used to score time spent in the light and dark zones.

2.5.3 Elevated plus maze (EPM)—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 (Hofford et al., 2009). Mice were placed in the center of
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the maze facing toward an enclosed arm and recorded for 7 minutes by an overhead camera.
Time spent in the open arms (defined as all four legs having crossed the entrance line to one
of the open arms), and total crosses of the middle of the apparatus were scored for the last 5
minutes of each video.

2.5.4 Novelty-induced hypophagia (NIH)—In their home cage, mice were introduced
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.

2.5.5 Marble Bury (MB) test—Each mouse was placed in a large cage (40 x 24 x 20
cm) filled with bedding 5 cm deep and containing 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.

2.6 Cognition

2.6.1 Object Location Recognition (OLR) Test—This test is assessed in the same
activity boxes as the OFT. The procedure is divided into three stages: habituation,
familiarization, and test phases. In the habituation phase, mice are allowed to explore the
box (with no objects) for 10 minutes to acclimate to the apparatus and reduce the animals’
fear of a new environment. The habituation phase is repeated for three consecutive days. On
the fourth day, the familiarization and test phases begin. Firstly, two plastic toy soldiers are
fixed to Plexiglas pedestals using wall-safe gum-tack. The mice are allowed to freely explore
the box for 5 minutes. Then, after an interval of 30 minutes, mice are returned to the box in
which one of the original objects changed location (“novel”) and the other object remained
in the original position (“familiar”), and mice are allowed to freely explore the box again for
5 minutes. The mice are removed from the behavior boxes and placed in their home cages
between phases and after testing. The boxes, pedestals, and objects are cleaned using 70%
ethanol followed by water between each phase of testing. The increase in exploration of the
object in the novel location was calculated for each mouse using the formula: [(time spent
with the object in the novel location in round 2/time spent with the object in the original
location in round 1) x 100].

2.6.2 Novel Object Recognition (NOR) Test.—Twenty-four hours after the OLR
test, the NOR test is carried out, including the familiarization phase and the test phase,
with an interval of 30 min between two phases. Firstly, two plastic toy soldiers are fixed

to plexiglas pedestals using wall-safe gum-tack. The mice are allowed to freely explore the
box for 5 minutes. In the test phase, mice are returned to the box in which one of the toy
soldiers is replaced by a small metal bucket. Mice are allowed to freely explore the box for
5 minutes. The mice are removed from the behavior boxes and placed in their home cages
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between phases and after testing. The boxes, pedestals, and objects are cleaned using 70%
ethanol followed by water between each phase of the test. The increase in exploration of the
novel object was calculated for each mouse using the formula: [(time spent with the novel
object in round 2/time spent with the familiar object in that location in round 1) x 100].

2.6.3 Morris water maze (MWM)—As described in our previous study (Madison et al.,
2022), a 36” diameter pool was used as the maze with a 5 in? clear Plexiglas platform placed
in the eastern quarter, 7 inches 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 previously unused start position
was chosen and the time to reach the platform was recorded.

2.7. Experimental Design

The study includes four experimental groups: 1) NL/NS — unstressed mice receiving vehicle;
2) DHNAV/NS - unstressed mice receiving DHNA,; 3) NL/UCMS — UCMS-exposed mice
receiving vehicle; and 4) DHNA/UCMS - UCMS-exposed mice receiving DHNA. Sample
size was 13-18 per experimental group, with two exceptions: 1) for the splash and tape
groom tests n=7-8 per experimental group for the females, and 2) for the OLR and NOR
tests n=7-8 per experimental group for both males and females. As demonstrated in Fig 1,
following a habituation period, mice were administered daily with vehicle or DHNA for the
entire duration of the experiment. During the third week of ligand administration, mice were
tested for their emotional state. Then, mice either remained unstressed or were subjected to
UCMS for 4 weeks. Sucrose preference tests were conducted once weekly at the end of each
week, starting the second week of UCMS and continuing for a week after the cessation of
UCMS. Following the cessation of UCMS, mice were retested for effects their emotional
state and cognition. Then, mice were examined in the FST, splash test and groom test.

2.8. Data Analysis

For each behavioral test, data was analyzed using multivariate analysis of variance
(MANOVA, IBM SPSE Statistics 25) for the between-group factors of sex, stress level
(unstressed, UCMS), treatment (vehicle, DHNA) and within-group factors of week or day as
applicable. Separate analysis was also conducted for each sex. 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. Effects on weight

Males: MANOVA analysis revealed a significant main effect of days (F(57,
3420)=101.906, p<0.0001), and significant interactions between DHNA and UCMS (F(1,
60)=4.113, p<0.05), day and DHNA (F(57, 3420)=1.486, p<0.05), and day and UCMS
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(F(57, 3420)=4.108, p<0.0001). Gain of weight did not significantly differ between

the NL/NS and DHNA/NS groups. Overall, the NL/UCMS group gained significantly

more weight than the DHNA/UCMS group (Fig 2A). However, the NL/UCMS did not
significantly differ from the NL/NS group. Similarly, the DHNA/UCMS did not significantly
differ from the DHNA/NS group.

Females: MANOVA analysis revealed a significant main effect of days (F(57,
2850)=89.377, p<0.0001), and significant interactions between day and DHNA (F(57,
2850)=1.569, p<0.01) and day and UCMS (F(57, 2850)=2.064, p<0.0001). Bonferroni post
hoc contrast revealed that on experimental days 39-42 (second week of UCMS), the control
unstressed group (NL/NS) gained significantly more weight as compared to the other groups
(Fig 2B).

3.2. Antidepressant-like effects

Sucrose preference: MANOVA analysis revealed a significant main effect of week
(F(3, 333)=8.361, p<0.0001) and significant interactions between week and sex (F(3,
333)=3.652, p<0.05), sex and UCMS (F(1, 111)=16.062, p<0.0001), week, sex and UCMS
(F(3, 333)=3.788, p<0.05), sex and DHNA (F(1, 111)=14.313, p<0.0001), week, sex and
DHNA (F(3, 333)=6.210, p<0.001), and UCMS and DHNA (F(1, 111)=14.823, p<0.0001).
For the females, significant main effects of UCMS (F(1, 51)= 9.133, p<0.01), DHNA

(F(1, 51)=10.239, p<0.01) and significant interactions between week and DHNA (F(3,
153)=4.735, p<0.01), UCMS and DHNA (F(1, 51)= 16.124, p<0.0001), and week, UCMS
and DHNA (F(3, 153)=4.053, p<0.01) were observed. Bonferroni post hoc contrast revealed
that, as expected, UCMS significantly decreased sucrose preference and this was prevented
by DHNA treatment (Fig 3B). For the males, significant main effects of week (F(3, 180)=
9.230, p<0.0001), UCMS (F(1, 60)= 7.778, p<0.01) and DHNA (F(1, 60)=5.472, p<0.05)
and significant interactions between week and DHNA (F(3, 180)= 3.204, p<0.05) and
week and UCMS (F(3, 180)=3.213, p<0.05) were observed. UCMS did not reduce sucrose
preference in male mice (Fig 3A). Surprisingly, DHNA had a significant effect of reducing
sucrose preference in males, and this effect was prevented by UCMS (Fig 3A).

FST: MANOVA analysis revealed a significant main effect of UCMS (F(1, 110)=14.94,
p<0.0001), and significant interactions between UCMS and DHNA (F(1, 110)=8.86,
p<0.01), sex and UCMS (F(1, 110)=9.31, p<0.01), and sex and DHNA treatment (F(Z1,
110)=4.74, p<0.05). For the females, a significant main effect of DHNA (F(1, 50)=10.21,
p<0.01), and a significant interaction between UCMS and DHNA (F(1, 50)=14.36,
p<0.0001) were observed. Bonferroni post hoc contrast revealed that UCMS significantly
increased immobility time, and this was prevented by DHNA treatment (Fig 3D). For

the males, a significant main effect of UCMS (F(1, 60)= 19.86, p<0.0001) was observed.
Similarly to females, UCMS significantly increased immobility time. However, in males this
effect was not prevented by DHNA treatment (Fig 3C).

Splash and tape groom tests: In the splash test, MANOVA analysis revealed
significant main effects of sex (F(1, 87)=14.198, p<0.0001), and UCMS (F(1, 87)=7.992,
p<0.01), and significant interactions between UCMS and DHNA (F(1, 87)=7.836, p<0.01),
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and sex, UCMS, and DHNA treatment (F(1, 87)=7.005, p<0.01). For the females, some
trends were observed, but they did not reach statistical significance (Fig 3F). For the males,
significant main effects of UCMS (F(1, 60)=20.226, p<0.0001) and DHNA (F(1, 60)= 4.331,
p<0.05) were observed. Bonferroni post hoc contrast revealed that UCMS significantly
increased the latency to groom. However, this effect was not prevented by DHNA treatment
(Fig 3E). In the tape groom test, no significant effects were observed for the females and
males (Figs 3G and 3H).

3.3. Effects on emotional state

Novelty-induced locomotion: MANOVA analysis revealed a significant main effect of
UCMS (F(1, 111)=9.231, p<0.01) and DHNA (F(1, 111)=4.1087, p<0.05) were observed.
In females, a significant main effect of UCMS was observed (F(1, 52)= 6.274, p<0.05), but
DHNA did not significantly prevent this effect (Fig 4B). For the males, a significant main
of DHNA treatment was observed (F(1, 59)= 5.359, p<0.05). Bonferroni post-hoc analysis
revealed that DHNA significantly prevented UCMS-induced increase of novelty-induced
locomotion (Fig 4A).

OFT: MANOVA analysis revealed significant main effects of sex (F(1, 112)=5.707,

p<0.05), UCMS (F(1, 112)=9.258, p<0.01), and DHNA (F(1, 112)=4.967, p<0.05) were
observed. When analyzed separately by sex, a significant main effect of UCMS was
observed for both males (F(1, 60)= 5.359, p<0.05) and females (F(1, 52)= 4.097, p<0.05).
Similar to our previous studies, no significant differences were observed between the various
experimental group for the females (Fig 4D). In males, only the UCMS/DHNA group
differed significantly from NL/NS group (Fig 4C).

L/D Test: Similar to our previous studies, no significant effects were observed for the
females (Fig 4F). For the males, MANOVA analysis revealed significant main effects of
UCMS (F(1, 60)=6.833, p<0.01) and a significant interaction between UCMS and DHNA
(F(1, 60)=11.82, p<0.001) were observed. Bonferroni post-hoc analysis revealed the mice
subjected to UCMS spend significantly more time in the light than controls, and DHNA
treatment prevented this UCMS-induced effect (Fig 4E).

Marble burying test: No significant effects were observed for the females or males (Figs
4G and 4H).

Novelty-induced hypophagia: No significant effects were observed for the females and
males for the home environment (Figs 4J and 41). At the novel environment, MANOVA
analysis revealed significant main effects of sex (F(1, 112)=4.908, p<0.05) and UCMS

(F(1, 112)=6.443, p<0.05) were observed. No significant differences were observed for the
females (Fig 4L). A significant main effect of UCMS was observed in males (F(1, 60)=
7.903, p<0.01). UCMS significantly reduces the latency to consume food, but this effect was
not prevented by DHNA treatment (Fig 4K).

Elevated-plus maze: MANOVA analysis revealed a significant main effect of sex on
number of open arm entries (F(1, 111)=25.890, p<0.0001), time spent in open arms (F(1,
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111)=21.630, p<0.0001), and number of middle crosses (F(1, 111)=14.005, p<0.0001). For
the number open arm entries, there was a significant interaction between sex and DHNA
(F(1, 111)=4.027, p<0.05). In females, there was a significant interaction between UCMS
and DHNA (F(1, 51)=7.453, p<0.01) for the number of open arm entries. UCMS reduced
the number of open arm entries and DHNA prevented this effect (Fig 4N). No significant
differences were found in the time spent in the open arms or in general activity (Figs 4P).

In males, DHNA appears to reduce the number of open arm entries (Figs 4M), time spent in
open arms, and general activity (Figs 40), and these effects appear to be reversed by UCMS.
However, this did not reach statistical significance.

3.4. Effects on cognition

OLR: MANOVA analysis revealed significant main effects of sex (F(1, 54)=23.444,
p<0.0001), UCMS (F(1, 54)=9.245, p<0.01), and DHNA (F(1, 54)=6.273, p<0.05), and
significant interactions between UCMS and DHNA (F(1, 54)=10.329, p<0.01), sex and
UCMS (F(1, 54)=10.569, p<0.01), sex and DHNA (F(1, 54)=5.914, p<0.05), and sex,
UCMS, and DHNA treatment (F(1, 54)=5.931, p<0.05). For the females, no significant
effects were observed (Fig 5B). For the males, significant main effects of UCMS (F(1,
27)=11.095, p<0.01), DHNA (F(1, 27)=6.831, p<0.05), and a significant interaction between
UCMS and DHNA (F(1, 27)=8.945, p<0.01) were observed. In both males and females,
DHNA did not have a negative impact on cognitive memory of object location. In the males,
UCMS significantly increased time exploring the object in the new location, and this effect
was prevented by DHNA (Fig 5A).

NOR: In both males and females, DHNA did not have a negative impact on cognitive
recognition of a novel object. No significant differences were observed for both males and
females (Fig 5D). In the males, a trend for UCMS to reduce time spent with the novel object
was noted, but it did not reach statistical significance (Fig 5C).

MWM: MANOVA analysis revealed a significant main effect of day (F(5, 555)=142.611,
p<0.0001), and significant interactions between UCMS and DHNA (F(1, 111)=6.491,
p<0.05), and day, UCMS, and DHNA treatment (F(5, 555)=3.068, p<0.01). In the females,
UCMS significantly enhanced spatial learning only on day 2 (Fig 5F). In both males and
females, DHNA did not have negative impact on spatial learning (Figs 5E and 5F).

4. Discussion

In this study, DHNA prevented both UCMS-induced decrease in sucrose preference and
UCMS-induced increase in immobility in the FST test in females. In other words, our study
demonstrated that, in females, DHNA has a potential to act as an effective antidepressant,

as it prevents the development of both anhedonia- and despair-like behaviors. Additionally,
DHNA prevented UCMS-induced decrease in number of open arm entries in the EPM. Thus,
this study further validates and expands on the results of our earlier study (Madison et

al., 2022). In contrast, these effects were not observed in males. UCMS did not result in
anhedonia-like behaviors in males. This is not entirely surprising, given that other studies
reported strain and sex differences in the sensitivity to the effects of UCMS on sucrose
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preference (Konkle et al., 2003, Granli et al., 2005, Sachs et al., 2014, Marco et al., 2017).
However, in males, UCMS induced an increase in immobility in the FST test, but this was
not prevented by DHNA. Moreover, UCMS induced an increase in the latency for males to
groom in the splash test, which is generally interpreted to mean a lower motivational drive
for self-care (Isingrini et al., 2010, Bouguiyoud et al., 2021), and this was also not prevented
by DHNA. Therefore, given classical interpretation of these behaviors, DHNA appears to be
a potential antidepressant in females, but not males.

Nonetheless, DHNA had significant effects in males in reducing some stress-related effects
and stress reactivity. UCMS induced higher locomotion in a novel environment; this effect
was more pronounced in males compared to females. Additionally, in males, but not
females, UCMS induced increases in time spent in the light compartment in the L/D test.
These UCMS-mediated effects can be interpreted as reduced anxiety; however UCMS
increased depression-like behaviors, and increased anxiety-like behaviors in both the OFT
and NIH tests. Thus, these behaviors more likely represent an increase in seeking and/or
reward of novel experiences or an increase in escape or risk-taking behaviors (Arrant et al.,
2013). Furthermore, in the OLR test, UCMS induced longer exploration time of an object
in a new location in males but not females. This could be explained as enhanced spatial
memory, although we did not observe UCMS induced alterations to spatial memory in the
MWM. Thus, this UCMS effect might be due to an increase in spatial memory when seeking
novel experiences and locations. Notably, in males, these effects were prevented by DHNA
treatment. Thus, although in males DHNA did not improve mood in a classical way, it still
appears to mitigate certain stress reactivity triggered by exposure to UCMS.

Presently, the mechanism by which DHNA acts is unknown. Brain derived neurotrophic
factor (BDNF) was suggested to play an important role in the pathology of MDD. BDNF
levels were demonstrated to be reduced in the hippocampus of individuals suffering from
depression, which correlates with atrophy and a lower hippocampal volume observed
among depressed patients (Duman and Monteggia, 2006), and antidepressant treatments
increase BDNF levels (Chen et al., 2001). Similarly, in rodents UCMS was demonstrated to
reduce BDNF levels and the expression of neuronal PAS domain protein 4 (NPAS4) in the
hippocampus (Zhang et al., 2014). Notably, the binding of the transcription factors NPAS4
together with the aryl hydrocarbon receptor nuclear translocator 2 (ARNT2) to promoter

I was demonstrated to be important in facilitating the transcription of BDNF (Pruunsild

et al., 2011). Furthermore, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), an environmental
toxicant and potent AhR ligand, suppresses NMDA-induced BDNF expression and enhances
NMDA excitotoxicity (Lin et al., 2009). This neurotoxicity is likely mediated via AhR given
that another AhR agonist, beta-naphthoflavone, was also demonstrated to cause neuronal
apoptosis, and this is likely to involve ER signaling because apoptosis was enhanced

by an ER antagonist and a selective ER modulator (Kajta et al., 2009). In contrast to

toxic ligands of AhR, SAhRMs like DIM were demonstrated to have neuroprotective

and anti-apoptotic properties that are likely mediated by decreased AhR and ARNT
expression and increased ER-beta expression (Rzemieniec et al., 2016). Thus, SAhRM-
mediated hippocampal neuroprotective effects via AhR and ER signaling may explain the
sex-dependent beneficial effect of DHNA on mood observed in this study.
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Effects of UCMS on the emotional states, observed mainly in males, may be due to effects
of stress on the amygdala. In contrast to its effects on the hippocampus, stress was shown
to increase levels of BDNF in the amygdala (Lakshminarasimhan and Chattarji, 2012).
However, the effects of AhR ligands on the amygdala are largely unknown. Exposure to
TCDD in utero disrupts dendritic branch growth in both the hippocampus and amygdala
(Kimura et al., 2015). However, further studies are required to examine the cellular and
molecular mechanisms by which SAhRMs affect various brain areas, and on the role of ER
signaling, to improve our understanding on the differential effects in females and males to
alter mood and stress reactivity.

Additionally, in this study DHNA by itself affected sucrose preference in males, but not
females. This is not likely a general effect on food consumption, given that no effect on
body weight gain was observed in the DHNA/NS groups as compared to the control NL/NS
group. In males, DHNA resulted in an anhedonic phenotype, or a reduction in sucrose
preference. However, DHNA did not cause an increase in FST immobility time or behavioral
despair. Similarly, acyloxyacyl hydrolase (AOAH)-deficient mice exhibited reduced sucrose
preference, but no increase in FST immobility time (Aguiniga et al., 2019). The effects

in the AOAH knockout mice were demonstrated to be dependent on AhR stimulating

the expression of corticotropin-releasing factor (CRF) in the hypothalamic paraventricular
nucleus (PVN). CRF is known to regulate stress response via the hypothalamic-pituitary-
adrenal (HPA) axis. Thus, it is possible that DHNA increases HPA activity in the PVN
resulting in an anhedonic phenotype. However, in the AOAH knockout study, only female
mice were examined (Aguiniga et al., 2019). In contrast, in our study, this effect was
observed only in males, but not females. Moreover, surprisingly this effect of DHNA was
reversed by exposure to stress, or UCMS. An increase in risk-taking or seeking reward

and novel experiences induced in males by UCMS could potentially explain the increased
sucrose preference, a novel and rewarding taste, in the DHNA/UCMS group as compared
with the DHNA/NS group. In line with these interpretations, the trends observed in male’s
behaviors in the EPM could be explained by a reduction of risk-taking and sensation-seeking
caused by DHNA that was reversed by exposure to UCMS.

5. Conclusions

Our findings suggest that SAhRMSs, such as DHNA, can potentially be an effective
antidepressant in females. Additionally, although given classical interpretation, DHNA

did not appear to be a potential antidepressant in males, it demonstrated a potential to
mitigate certain stress effects and stress reactivity in males. In order to fully understand the
therapeutic potential of DHNA and other AhR ligands, future studies need to determine the
underlying molecular mechanisms including the effects of SAhRMs on gene expression in
various brain areas, in unstressed and stressed conditions, and in different sexes. In addition,
our future studies will utilize AhR knockout mice to further define the selectivity of AhR
ligands and define which responses are AhR-dependent.
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Highlights

. Dietary AhR ligand DHNA is a potential antidepressant in females but not
males

. Behavioral anhedonia and despair are prevented by DHNA in female but not
male mice

. DHNA reduced stress-related effects and reactivity in male mice

. Spatial learning is not affected by DHNA in male or female mice

. DHNA may affect emotional state in unstressed male mice
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Fig 1. Experimental design.
Wk = Week; Emotion testing = testing in the novelty-induced locomotion (NIL), open field

test (OFT), light/dark (L/D) test, marble burying (MB), novelty-induced hypophagia (NIH)
and elevated plus maze (EPM) paradigms; UCMS = Unpredictable chronic mild stress; SP
= sucrose preference test; FST = forced swim test; Cognitive testing = testing in the object
location recognition (OLR) test, novel object recognition (NOR) test, and the Morris water
maze (MWM).

J Affect Disord. Author manuscript; available in PMC 2023 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Madison et al.

Page 17

—-NS/NL  ——UCMS/NL
—+—NS/DHNA ——UCMS/DHNA
s . A Males

UCMS

A Weight (g)
~ (2]

N

0' . T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60

Day
¢ -B Females UCMS

A Weight (g)

10 15 20 25 30 35 40 45 50 55 60

Day

Fig 2. Effects of DHNA and UCMS on body weight gain.
Male (A) and female (B) mice received vehicle or DHNA, and then were unstressed or

subjected to UCMS for 4 weeks. (*) Bonferroni post hoc contrast indicates a significant
difference from the other groups (p < 0.05). Results are presented as mean + SEM.
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Fig 3. DHNA prevented UCMS-induced depression-like behavior in female, but not male, mice.
Male (A, C, E, G) and female (B, D, F, H) mice received vehicle or DHNA, and then were

unstressed or subjected to UCMS for 4 weeks. Sucrose preference was monitored weekly
starting at the end of the second week of UCMS, and continuing until 1 week post UCMS
(A, B). Then mice were examined for FST (C, D), splash test (E, F), and tape groom test
(G, H). (*)Bonferroni post hoc contrast indicates a significant difference from unstressed
mice (p < 0.05); (8) Bonferroni post hoc contrast indicates a significant difference from
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DHNA/UCMS (p < 0.05). (e)Bonferroni post hoc contrast indicates a significant difference
from DHNAJ/NS (p < 0.05). Results are presented as mean + SEM.
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Fig 4. DHNA prevented UCMS-induced stress-response in males.
Male (A, C, E, G, I, K, M, O) and female (B, D, F, H, J, L, N, P) were examined for

their baseline emotional state. Then, they received vehicle or DHNA, were unstressed or
subjected to UCMS for 4 weeks, and retested. Data is presented as the difference between
the re-test and baseline for novelty-induced locomotion (A, B); time spent in the center in
the OFT (C, D); time spent in the light compartment in the L/D test (E, F); number of buried
marbles (G, H); latency for the first sip in the NIH test in their home cages (I, J) and novel
environment (K, L); and time spent in the open arm (M, N) and total crosses (O, P) in

the EPM. (*) Bonferroni post hoc contrast indicates a significant difference from the other
groups (p < 0.05). Results are presented as mean + SEM.
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Fig 5. DHNA prevented UCMS-induced stress-response in males.
Male (A, C, E) and female (B, D, F) mice received vehicle or DHNA, and then were

unstressed or subjected to UCMS for 4 weeks. Then, mice were examined for time spent
with an object in a novel location in the OLR test (A, B); time spent with a novel object in
the NOR test (C, D); and time to find the platform in the MWM (E, F); (*) Bonferroni post
hoc contrast indicates a significant difference from unstressed mice (p < 0.05). Results are

presented as mean + SEM.
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