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Hypothalamic-pituitary-adrenal (HPA) axis dysregulation is linked to the pathophysiology of depression.
Although exogenous adrenocorticotropic hormone (ACTH) is associated with a depressive-like phenotype in
rodents, comprehensive neurobehavioral and mechanistic evidence to support these findings are limited.
Sprague-Dawley rats (male, n = 30; female, n = 10) were randomly assigned to the control (male, n = 10) or
ACTH (male, n = 20; female n = 10) groups that received saline (0.1 ml, sc.) or ACTH (100 pg/day, sc.),
respectively, for two weeks. Thereafter, rats in the ACTH group were subdivided to receive ACTH plus saline
(ACTH_S; male, n = 10; female, n = 5; 0.2 ml, ip.) or ACTH plus imipramine (ACTH_I; male, n = 10; female, n =
5;10 mg/kg, ip.) for a further four weeks. Neurobehavioral changes were assessed using the forced swim test
(FST), the sucrose preference test (SPT), and the open field test (OFT). Following termination, the brain regional
mRNA expression of BDNF and CREB was determined using RT-PCR. After two-weeks, ACTH administration
significantly increased immobility in the FST (p = 0.03), decreased interaction with the center of the OFT (p <
0.01), and increased sucrose consumption (p = 0.03) in male, but not female rats. ACTH administration
significantly increased the expression of BDNF in the hippocampus and CREB in all brain regions in males (p <
0.05), but not in female rats. Imipramine treatment did not ameliorate these ACTH-induced neurobehavioral or
molecular changes. In conclusion, ACTH administration resulted in a sex-specific onset of depressive-like
symptoms and changes in brain regional expression of neurotrophic factors. These results suggest sex-specific
mechanisms underlying the development of depressive-like behavior in a model of ACTH-induced HPA axis
dysregulation.

1. Introduction

Major depressive disorder (MDD) is a mental health disorder that is
characterized by symptoms that include feelings of anxiety, hopeless-
ness and despair, anhedonia, insomnia, chronic fatigue, a sense of
worthlessness, and suicidal ideation (Association, 2013). In severe cases,
MDD may lead to cognitive dysfunction, social isolation, hostility, and

physical debilitation which affects quality of life (Knight et al., 2020).
MDD is one of the leading causes of disability, suicide, and morbidity
(World Health Organization, 2014). Currently, MDD affects approxi-
mately 300 million people globally, with this number expected to in-
crease. Indeed, the WHO predicts depression to be one of the major
contributors to the global disease burden, by 2030 (World Health Or-
ganization, 2008).
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The pathophysiology of depression is complex and multifactorial.
MDD has been associated with changes in hippocampal volume, exec-
utive function, and memory, circulating cortisol concentrations, neu-
roinflammation, neurotransmitter signaling, and expression of
neurotrophic and transcription factors such as brain-derived neuro-
trophic factor (BDNF) and cAMP response element-binding protein
(CREB) (Young et al., 2001; O’Brien et al., 2004). Dysregulation of the
hypothalamic-pituitary—adrenal (HPA) axis is associated with high
circulating cortisol levels and has been proposed as a major contributor
in the development of MDD (Mlyniec, 2015). Indeed, patients with
chronically increased cortisol concentrations are at an increased risk for
the development of MDD (Lupien et al., 1999). Clinical evidence shows
increased adrenocorticotrophic hormone (ACTH) and cortisol concen-
trations in individuals diagnosed with MDD (Choi et al., 2018; Posener
et al., 2000). Moreover, HPA axis dysregulation is associated with the
altered expression of neurotrophic factors, such as BDNF and CREB,
which are strongly related to MDD (Kunugi et al., 2010). In this regard,
studies have shown that HPA-axis dysregulation and increased gluco-
corticoid (GC)/corticosterone levels decrease BDNF expression, that
directly impacts the expression and function of the BDNF receptor, Trkb
(Kumamaru et al., 2008; Revest et al., 2014). In turn, decreased BDNF
expression results in decreased phosphorylation of CREB, which is
associated with synaptic plasticity and neuronal survival (Wang et al.,
2019). In addition, increased glucocorticoids have also been linked to
decreased CREB phosphorylation and expression (Blendy, 2006; Li et al.,
2017). These findings suggest a strong link between HPA axis dysregu-
lation and the clinical presentation of depression (Nandam et al., 2020).
However, the exact mechanisms whereby HPA dysregulation contrib-
utes to depression are uncertain.

To understand the relationship between dysregulation of the HPA
axis and MDD, several animal studies have demonstrated that chronic
administration of ACTH resulted in the development of depressive-like
symptoms when assessed using neurobehavioral tools (Sterner and
Kalynchuk, 2010; Liu et al., 2018; Porsolt et al., 1977; Kraeuter et al.,
2019; Song et al., 2019). In this regard, symptoms of anhedonia (Liu
et al., 2018), helplessness (Porsolt et al., 1977), and anxiety (Kraeuter
et al., 2019) have been reported following chronic ACTH administration
as assessed by the sucrose preference test (SPT), forced swim test (FST),
and open field test (OFT), respectively (Zhao et al., 2018; Kitamura
et al., 2002). In contrast, others have not shown any depressive-like
behaviors post- ACTH administration (Kitamura et al., 2008; Pereira
et al., 2019). A possible explanation for these discrepancies are meth-
odological variations and differences in interpretation of neuro-
behavioral assessments in animal models (Sousa et al., 2006; Hasanpour
et al., 2021).

Although neurobehavioral tests are widely used to identify and
quantify depressive-like symptoms in animal models of depression, it
remains uncertain whether the reporting, interpretation, and translation
of these results are reliable and reproducible, especially when using a
single test (Bennabi et al., 2013). In addtion, it is important to sub-
stantiate neurobehavioral changes with mechanistic molecular data.
The relationship between ACTH-induced neurobehavioral changes and
the expression of neurotrophic molecular markers, frequently associated
with depressive-like symptoms, are limited. Additionally, whether the
use of a robust battery of neurobehavioral tests will improve the inter-
pretation and translational ability of depressive-like symptoms in ACTH-
induced HPA dysregulation requires investigation. Therefore, this study
aimed to assess the effect of ACTH-induced HPA axis dysregulation on
depressive-like symptoms using a battery of neurobehavioral tests in
rodents, and its effect on the expression of BDNF and CREB.

2. Materials and methods
2.1. ***Ethical approval

All experimental protocols were approved by the Animal Research
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Ethics Committee of the University of the Witwatersrand (Reference
number: 2022/03/06/C). All procedures were conducted in accordance
with the regulations of the South African National Legislation for animal
husbandry, welfare, and experimentation using laboratory animals. All
in vivo experiments are reported in accordance with ARRIVE guidelines.

2.2. Study design

2.2.1. Animals

Forty Sprague-Dawley rats (male, n = 30; female, n = 10) with an
initial weight of 250 + 50 g were obtained from the Wits Research
Animal Facility (WRAF) at the University of the Witwatersrand. Rats
were allowed to acclimatize for seven days prior to model induction or
neurobehavioral analysis. Male and female rats were housed in separate
rooms, and neurobehavioral tests were conducted in a dedicated neu-
robehavioral testing room. Rats were housed two per cage with ad libi-
tum access to water and standard rat chow (Epol, Johannesburg, South
Africa), except during the SPT. The housing and testing rooms were
maintained at an ambient temperature of 25 °C + 1 °C with relative
humidity of 24-26 %. A 12 h:12 h light/dark cycle was followed (lights
on at 07 h0O; testing was conducted at 09 h00).

2.2.2. Treatment regimen

Rats were randomly divided into the control group (male, n = 10)
that received saline (0.1 ml/daily, sc) or the ACTH-treated groups (male,
n = 20; female, n = 10) that received ACTH 100 pg/day, (0.1 ml, sc) for
two weeks (Kitamura et al., 2002). Thereafter, the control group was
subdivided to continue receiving, in addition to daily saline injections
(0.1 ml, sc.), either saline (CON; 0.2 ml/day, ip) or imipramine (SAL_I;
10 mg/kg/day, ip). Rats in the ACTH-treated group were subdivided to
receive, in addition to daily ACTH injections, either saline (ACTH_S; 0.2
ml/day, ip) or imipramine (ACTH_I; 10 mg/kg/day, ip) for four weeks
(Kitamura et al., 2002).

2.2.3. Tissue harvest

Two hours following the completion of the neurobehavioral tests,
rats were briefly exposed to isoflurane anesthesia, prior to being
terminated by decapitation using a rodent guillotine. Rodent brain tissue
was surgically dissected into the prefrontal cortex, striatum, midbrain,
and hippocampus. Brain tissues were snap-frozen using liquid nitrogen
and stored at —80 °C until molecular analysis.

2.3. Neurobehavioral assessments

EthoVision™ XT 17.5 software (Noldus Technologies, Wageningen,
Netherlands) was used to automatically score all parameters of the FST
and OFT and to manually score climbing behavior in the FST, as pre-
viously reported (Rastoldo et al., 2020; NI, 2024).

2.3.1. Forced swim test (FST)

The FST was used to evaluate the presence of depression-associated
helplessness and despair behaviors in rodents, as previously reported
(Kulkarni and Dhir, 2007; Slattery and Cryan, 2012). At the end of the
acclimatization period, each rat underwent an FST adaptation, which
consisted of a one-minute, three-minute, and five-minute habituation
swim over three consecutive days, with a rest day, before being sub-
jected to a five-minute FST to assess baseline behavior (baseline time
point, week 0) (Supplementary Fig. 1) (Slattery and Cryan, 2012). The
FST was repeated after the 2-week ACTH administration period (week 2)
and again following the four-week ACTH plus saline or imipramine
treatment period (week 6) (Supplementary Fig. 4). The baseline
assessment (week 0) for each treatment group served as an individual
control for the subsequent FSTs conducted at week 2 and week 6. All
animals were allowed to acclimatize for five minutes, prior to the FST
being conducted in a separate testing room. Analysis was performed
using the standardized FST module in EthoVision software.
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2.3.2. Open field test (OFT)

The OFT was used to assess locomotor activity and anxiety-like
behavior associated with depressive-like symptoms in a subset of ani-
mals (males, n = 10; females, n = 10) (Seibenhener and Wooten, 2015).
Rats were subjected to the OFT after the acclimatization period to
determine baseline behavior (baseline time point, week 0), after the 2-
week ACTH induction (week 2), and after the four-week ACTH plus
saline or imipramine treatment period (week 6). All animals were
allowed to acclimatize for five minutes, prior to the OFT being con-
ducted in a separate testing room, as previously described (NI, 2024).
Briefly, rats were placed in the center of a square open field arena (90
cm x 90 cm x 30 cm) under dimmed lighting, subsequent behaviors were
recorded for five minutes (Rastoldo et al., 2020; NI, 2024). This was
followed by analysis using the standardized OFT module in EthoVision
software.

2.3.3. Sucrose preference test (SPT)

The SPT was performed to assess the hedonic tendency of the rats in
all groups at the end of the drug treatment period (week 6), adapted
from Liu et al. (2018) (Supplementary Fig. 4) (Liu et al., 2018). Each SPT
included an adaptation period (72 h) and a preference test period (12 h)
(Supplementary Fig. 2). During the SPT, the volume of normal drinking
water and sucrose water consumed were recorded. The preference ratio
(SPR) was calculated as sucrose intake / (water + sucrose intake) x 100.

2.4. Molecular analysis

2.4.1. Real Time-Polymerase chain reaction (RT-PCR)

For PCR analyses, brain samples were homogenized using a probe
sonicator (Fisher Scientific, Waltham, Massachusetts, USA). RNA was
extracted using the Illustra Minispin RNA extraction kit (GE Healthcare,
USA), according to the manufacturer’s instructions. cDNA was synthe-
sized using the SuperScript VILO cDNA synthesis kit (ThermoFisher,
California, USA). RNA and cDNA were quantified using a spectropho-
tometer (NanoDrop Onec, Thermo Scientific, Waltham, MA, USA) and
were stored at —80 °C until needed.

BDNF and CREB mRNA expressions were determined using RT-PCR
TagMan assays (ThermoScientific, Waltham, MA, USA), with Tbp as
the endogenous control. The TagMan assay IDs of the probes used were:
BDNF (Rn02531967_s1), CREB (Rn01451883.ml), and Tbp
(Rn01455646_m1). The genes of interest were amplified using a Ste-
pOne Real-Time PCR System (Applied Biosystems, Foster City, USA).
Changes in mRNA expression were determined using the 272" method
and are represented as a fold change relative to the control (Livak and
Schmittgen, 2001).

2.5. Data analysis

Data analysis was performed using SAS software, version 9.4 (SAS
Institute Inc., Cary, North Carolina, USA). A Shapiro-Wilk test was used
to assess the normality of the data. Molecular data were not normally
distributed and were logarithmically transformed for statistical analysis.
Data are presented as mean and standard deviation (+SD). A mixed
model analysis of variance (ANOVA) (GLM procedure in SAS) was used
to assess differences between the groups for the SPT and RT-PCR results
with treatment and sex as the main effects. To determine changes in the
FST and OFT in response to the ACTH intervention and determine the
effects of imipramine treatment in male and female rats, data were
analyzed using a repeated measures two-way ANOVA, followed by a
Tukey’s post hoc test. In a repeated measures ANOVA including both
within and between factors for four groups, to achieve statistical power
at 80 % with a two-sided a value of < 0.05 a sample size of 20 was
required. Statistical significance was set at p < 0.05.
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3. Results
3.1. Forced swim test

ACTH administration resulted in a significant change in the time
spent highly mobile (model F = 9.68, p < 0.0001) in male rats, but not in
female rats (sex effect, p < 0.0001) (Table 1). Treatment with ACTH for
two weeks resulted in significantly less time spent being highly mobile
compared to baseline in male rats (p = 0.0001). Moreover, after two
weeks and six weeks of ACTH administration, male rats spent less time
highly mobile compared to female rats (p = 0.003 and p = 0.01,
respectively). Similarly, the number of episodes spent highly mobile
were significantly decreased after ACTH administration for two weeks in
males (p = 0.0008), but not female rats (p > 0.05) (model F = 4.14,p =
0.0006). Male rats treated with ACTH for two weeks had fewer episodes
highly mobile when compared to females (p = 0.04). After treatment
with imipramine, time spent highly mobile and highly mobile episodes
were not different from baseline in male rats or female rats (all p >
0.05).

ACTH administration resulted in a significant increase in freezing
time (F = 10.58, p < 0.0001) and freezing episodes (F = 10.8, p <
0.0001) in male, but not female rats (sex effect, p < 0.0001 for both)
(Table 1). At baselines, males had a higher freezing duration (p = 0.03)
and freezing episodes (p = 0.002) compared to females. After two weeks
of ACTH administration, male rats had a higher freezing duration
compared to baseline (p = 0.003). After two weeks of ACTH adminis-
tration, males had higher freezing duration and episodes compared to
females (both p < 0.0001). After six weeks of ACTH administration,
freezing duration and episodes increased compared to week 2 (p = 0.04
and p = 0.03) in male rats. After imipramine treatment, there were no
differences in freezing duration or episodes compared to baseline or
ACTH administration in either male or female rats (all p > 0.05).

There was an overall significant model effect for time spent climbing
(F =4.4, p=0.0004), but not for climbing episodes (F = 1.97, p = 0.07).
There was a significant treatment effect (p = 0.03) and sex effects (p =
0.0001) for time spent climbing. However, post hoc tests did not show
significant interaction effects (Table 1).

3.2. Open field test

Although there were significant differences in the model for the
mean speed (F =7.14, p < 0.0001; Fig. 1C) and the distance traveled (F
=7.12,p < 0.0001; Fig. 1D), there were no significant interaction effects
(all p > 0.05). ACTH administration significantly increased the duration
of time spent immobile in the OFT (F = 10.39, p < 0.0001; Fig. 1E). After
two and six weeks of ACTH administration, the immobility duration
increased in male rats compared to baseline (p < 0.0001 and p = 0.0002,
respectively), which were not impacted by imipramine treatment.
Similarly in female rats, six weeks of ACTH treatment increased the
immobility duration when compared to baseline (p = 0.01). ACTH
administration for two weeks significantly decreased the time spent in
the center of the arena (F = 3.72, p = 0.003) and percentage time spent
in the center of the open field (F = 3.69, p = 0.02) in male (Fig. 1A), but
not female rats (Fig. 1B). Interestingly, after six weeks of either ACTH
plus saline or imipramine treatment, there were no differences in the
interaction with the center area of the OFT arena compared to baseline
(all p > 0.05).

3.3. Sucrose preference test

Regular water consumption was significantly different between
treatment groups (F = 7.36, p = 0.0001; treatment effect, p = 0.004; sex
effect, p < 0.0001) (Fig. 2A). In male rats, ACTH plus imipramine
(ACTH_I) treatment significantly increased regular water consumption
compared to the CON (p = 0.03) and the ACTH_S rats (p = 0.03). In
female rats, ACTH plus imipramine treatment resulted in an increased
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Table 1
FST results after ACTH administration and imipramine treatment.
FST Parameter Week 0 Baseline Week 2 ACTH Week 6
ACTH_S ACTH_I
Male (n =19) Female (n = 10) Male (n = 19) Female (n =10) Male (n =10) Female (n = 5) Males (n = 9) Female (n =5)
Highly Time (s) 161.9 + 47.5  202.0 + 42.9 84.9+48.0""  162.3 + 50.5'1 1149 +60.1  217.3 + 176.6 + 45.8  196.0 + 54.1
mobile 45.5%*
Episodes(n)  204.3 +31.1  190.9 + 30.3 1445 + 196.7 + 18.0' 166.4 + 68.4  145.8 + 22.2 181.3 +43.5  209.4 + 35.9
51.7""
Freezing Time (s) 429+ 85 26.3 + 2.7* 52.5+11.9" 25.7 + 6.911 382+ 126/  23.6+7.2 37.9 +12.7 31.0 + 8.1
Episodes (n)  400.3 + 62.7 3122+ 253"  432.0 +57.4 296.9 + 65.8111  369.2 + 284.0 + 63.8 361.7 £+ 71.5  344.2 + 65.9
72.5
Climbing Time (s) 65.4 + 58.2 13.8 +11.3 60.5 + 45.6 30.7 + 22.5 85.3 + 58.2 13.8 +£11.3 1141 +77.2  59.9 +10.5
Episodes (n) 8.9 + 3.5 7.8+ 1.1 7.243.3 5.6 £ 2.5 6.3 +3.3 4.6 + 4.6 7.0 + 2.4 6.4+ 29

FST data was collected at week 0: baseline measurement; week 2: after 2 weeks of ACTH (100 ng/day, sc) treatment; and week 6: after four weeks of ACTH plus saline
(0.2 ml/day, ip) or imipramine (10 mg/kg/day, ip) treatment. Data are presented as mean + SD. Data were analyzed using a repeated measures two-way ANOVA
followed by a Tukey’s post hoc test. ACTH_S, ACTH + saline; ACTH_I, ACTH + imipramine. * p < 0.05, ** p < 0.01, *** p < 0.001 versus males at week 0; { p < 0.05, {{
p < 0.01, it p < 0.001 versus males at week 2; ## p < 0.01 versus ACTH_S males at week 6.

consumption of regular water compared to the CON male rats and male
rats treated with ACTH_I (p = 0.001 and p = 0.02, respectively). Inter-
estingly in males, imipramine treatment in the imipramine CON group
significantly increased water consumption when compared to the un-
treated controls (p = 0.04) (Supplementary Fig. 5A). Sucrose solution
consumption was significantly different between the male ACTH-treated
rats and the controls (F = 3.32, p = 0.02; Fig. 2B). Six weeks of ACTH_S
treatment in male rats resulted in significantly higher sucrose solution
consumption when compared to the controls (p = 0.03). Total water and
sucrose consumption was significantly different between the male con-
trol and ACTH-treated groups (F = 3.22, p = 0.02; Fig. 2C). ACTH_S
males had greater total water and sucrose consumption compared to
control rats (p = 0.01). Despite a significant model effect (F = 4.01, p =
0.01), treatment, and sex effects (both p = 0.01), in the sucrose pref-
erence ratio, there were no interaction effects (p > 0.05) (Fig. 2D).

3.4. mRNA expression of BDNF and CREB

ACTH administration did not result in changes in BDNF mRNA
expression in the prefrontal cortex, striatum, or midbrain (Fig. 3A, 3B,
and 3D). Hippocampal BDNF mRNA expression was significantly
increased following ACTH administration in males (F = 4.68, p =
0.004), and was significantly different between males and females (p =
0008; Fig. 3C). Six weeks of ACTH_S treatment in males resulted in
significantly higher hippocampal BDNF mRNA levels when compared to
controls and ACTH_I males (both p = 0.04). There were no differences in
BDNF mRNA expression in female groups (all p > 0.05).

CREB mRNA expression was significantly increased following ACTH
treatment in all brain regions in male rats, but not in female rats (all p <
0.05). There were no differences in CREB mRNA expression between
male ACTH.I and male control rats (all p > 0.05). CREB mRNA
expression did not differ between female ACTH_S and ACTH_I groups
(all p > 0.05; Fig. 4A-C).

4. Discussion

HPA axis dysregulation is strongly associated with the clinical
symptoms and pathophysiology of depression (Keller et al., 2017). An-
imal models of HPA axis dysregulation have shown contrasting neuro-
behavioral outcomes, largely due to the use of a single neurobehavioral
test in the face validation of these models (Kitamura et al., 2002; Kita-
mura et al., 2008). Moreover, molecular evidence to substantiate these
neurobehavioral changes are limited. Hence, this study aimed to
determine the effects of ACTH administration on the development of
depressive-like symptoms in a rodent model, using a battery of neuro-
behavioral tests as well as by assessing associated neurotrophic molec-
ular markers. We showed that in male rats, ACTH administration

significantly increased immobility in the FST, which suggests despair-
like behaviour. In the OFT, although ACTH administration signifi-
cantly reduced locomotor behaviour in both males and females, only
male rats showed a reduced interaction with the center of the open field,
suggesting an increase in anxiety-like behaviour. In addition, ACTH
administration resulted in a significant increase in the volume of sucrose
solution consumed by males, however, there was no difference in the
sucrose preference ratio. There were no differences in any of the neu-
robehavioral outcomes between rats receiving ACTH plus imipramine
and those receiving ACTH plus saline, suggesting imipramine did not
impact ACTH-induced changes in neurobehavior. Furthermore, in male,
but not female rats, ACTH plus saline administration increased BDNF
mRNA expression in the hippocampus, while CREB mRNA expressions
were increased in all brain regions. The expression of these neurotrophic
factors was not altered in rats receiving ACTH and imipramine. Taken
together, these results show that ACTH administration resulted in
depressive-like behaviour in male rats only when assessed using several
neurobehavioral tests. These changes were accompanied by increased
region-specific expression of neurotrophic factors.

4.1. Effects of HPA axis dysregulation on a neurobehavioral measure of
despair

Immobility or freezing assessed in the FST is commonly used as a
measure of behavioral despair in rodent models (Yankelevitch-Yahav
et al., 2015). In the present study, we showed increases in immobility
following two weeks of ACTH administration, as shown by a significant
increase in freezing duration and episodes. Similarly, we showed
decreased time and episodes of mobility during the swim. Interestingly,
this phenomenon was observed only in male rats, demonstrating the sex-
specific effects of ACTH. Previous studies have shown that chronic
administration of ACTH significantly increases immobility in the FST,
suggesting behavioral despair (Kitamura et al., 2002; Bennabi et al.,
2013; Song et al., 2019; Kim et al., 2016). Other models of HPA axis
dysregulation have also demonstrated changes in mobility in the FST. In
this regard, in glucocorticoid receptor (GR) knockout rodents there was
a reduced immobility (Tronche et al., 1999). Moreover, adrenalecto-
mized (ADX) rats that received a GC antagonist showed a reversal in
immobility behavior compared to the controls (Veldhuis et al., 1985).

Interestingly, after six weeks of ACTH administration, there were no
differences in freezing or mobility compared to baseline. It has been
suggested that the two-week administration of ACTH may align more
closely with the acute phase of the stress response; where elevated ACTH
levels lead to an increase in corticosterone levels, which, in turn, alters
neural circuits involved in mood regulation (Song et al., 2019). These
results suggest that the HPA axis may recover with longer treatment
durations via an adaptive homeostatic response.
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and week 6: after four weeks of ACTH plus saline (0.2 ml/day, ip) (males, n = 10; females, n = 5) or imipramine (10 mg/kg/day, ip) treatment (males, n = 9; females,
n = 5). Data are presented as mean =+ SD. Data were analyzed using a repeated measures two-way ANOVA followed by a Tukey’s post hoc test. BL, baseline; ACTH_S,
ACTH + saline; ACTH_I, ACTH + imipramine. ** p < 0.01, *** p < 0.001 week 0 vs week 2 between ACTH_S males, ### p < 0.001 week 0 vs week 6 between
ACTH_S males, {1 p < 0.01 week 0 vs week 6 between ACTH_S females.
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Fig. 2. Sucrose preference test showing the effect of ACTH and imipramine on regular water consumption (A), sucrose solution consumption (B), total volume of
water and sucrose consumed (C), and the sucrose preference ratio (D). ACTH (100 pg/day, sc) and saline (0.1 ml, sc) were administered once daily for 6 weeks.
Imipramine (10 mg/kg/day, ip) and saline (0.2 ml/day, ip) were administered once daily for 4 weeks (weeks 2-6). Data are presented as means + SD. Data were
analysed using a two-way ANOVA followed by a Tukey’s post hoc test. CON, control (males, n = 10); ACTH_S, ACTH + saline (males, n = 10; females, n = 5); ACTH_I,

ACTH + imipramine (males, n = 9; females, n = 5). * p < 0.05, ** p < 0.01.

In the present study, despite the ACTH effects on freezing behavior in
male rats, there were no effects on behavioural despair in females. The
lack of effects in females may be attributed to the suppressive effects of
estrogen and progesterone on the HPA axis activity (Patchev and
Almeida, 1996; Goel et al., 2011). Progesterone and estrogen have been
shown to decrease glucocorticoid-induced expression of hypothalamic
CRH and corticosteroid receptors in the hippocampus, leading to sup-
pression of the HPA axis (Patchev and Almeida, 1996). A similar sex-
specific effect was seen in a chronic restraint stress model, where an
increase in corticosterone was associated with a decreased GR mRNA
expression in the hippocampus of male but not female rats (Karandrea
etal., 2000). Taken together, the interplay between the HPA axis and sex
hormones in response to ACTH treatment and FST-induced stress plays a
crucial role in modulating these sex-specific behavioral responses in the
FST.

4.2. Effects of HPA axis dysregulation on locomotion and exploration

In the present study, we showed that ACTH administration resulted
in a significant decrease in locomotor activity of male rats in the OFT, as
measured by mean speed, distance travelled and duration immobile.
Similarly, in females, the duration immobile in the OFT increased after
ACTH administration. None of the changes in locomotor variables were
impacted by imipramine treatment. These changes in locomotor activity
may be explained by elevated ACTH levels which strongly correlate with
altered dopaminergic activity in the brain via an increase in circulating
glucocorticoids (Bloomfield et al., 2019; Abercrombie et al., 1989; Baik,
2020; Willner et al., 1991).

Interestingly, in male rats only, ACTH administration resulted in a
decreased interaction with the center zone of the OFT. Similar to the
results from the FST, after six weeks of ACTH administration center

interaction was not different from baseline. Similarly, previous studies
have shown that ACTH administration decreases locomotor activity and
time in the central zone of the open field arena (Zhao et al., 2018).

It has been proposed that avoidance of the center of the OFT and
more time seeking shelter along the periphery is associated with fear or
anxiety-like behavior (Carola et al., 2002). Previous studies have shown
that ACTH administration decreases locomotor activity and time in the
central zone of the open field arena (Carola et al., 2002). Our results
therefore suggest that ACTH administration may induce anxiety-like
behaviour in male but not female rats. This is important considering
that chronic anxiety is frequently comorbid with depression and has
been associated with the exacerbation of depressive disorders (Kessler
et al., 1996; Chen et al., 2015; Vreeburg et al., 2013). These changes in
locomotor activity may be explained by elevated ACTH levels which
strongly correlate with altered dopaminergic activity in the brain via an
increase in circulating glucocorticoids (Bloomfield et al., 2019; Aber-
crombie et al., 1989; Baik, 2020; Willner et al., 1991). This suggests that
specific dopaminergic pathways are responsible for neurobehavioral
changes observed in ACTH-induced HPA axis dysregulation. In this re-
gard, studies have shown that locomotion and avoidance behaviours
related to anxiety are associated with the nigrostriatal pathway, while
cognitive and emotional processes are associated with the mesolimbic
and mesocorticolimbic pathways (Bertolucci-D’Angio et al., 1990;
LeBlanc et al., 2020). Taken together, these results suggest that ACTH
administration may alter dopaminergic activity which may lead to
changes in locomotor and anxiety-like behaviour in the OFT (Ouakki
et al., 2019).

4.3. Effects of HPA axis dysregulation on sucrose preference

In rodent studies, anhedonia is associated with a reduced preference
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Fig. 3. RT-PCR results showing the effect of ACTH and imipramine treatment on the BDNF mRNA expression in the prefrontal cortex (A), striatum (B), hippocampus
(C), and midbrain (D). ACTH (100 pg/day, sc) and saline (0.1 ml, sc) were administered once daily for 6 weeks. Imipramine (10 mg/kg/day, ip) and saline (0.2 ml/
day, ip) were administered once daily for 4 weeks (weeks 2-6). Data are presented as mean + SD relative to the housekeeping gene Tbp. Data was analysed using a
two-way ANOVA followed by a Tukey’s post hoc test. CON, control (males, n = 10); ACTH_S, ACTH + saline (males, n = 10; females, n = 5); ACTH_I, ACTH +

imipramine (males, n = 9; females, n = 5). * p < 0.05.

for sucrose-sweetened water compared to normal drinking water. (Liu
et al., 2018; Pizzagalli, 2014). Despite these expected outcomes, the
results of the SPT in ACTH-treated rodent models are contradicting
(Zhao et al., 2018; Kale et al., 2021). One study has reported an
increased sucrose preference ratio, which was the only parameter re-
ported after 3 weeks of ACTH administration (Kale et al., 2021). Another
study reported that male ADX rats consumed more sucrose when treated
with either ACTH or corticosterone replacement therapy (Liang and
Nagy & Dallman., 2000). We found that ACTH administration increased
the volume of sucrose solution consumed, with no effect on regular
water consumption, in males. However, in females, ACTH treatment did
not alter any of the parameters measured in the SPT when compared to
the male rats.

The contrasting sucrose consumption findings may be explained by
inter-individual differences in coping strategies. In this regard, MDD
patients often present with varying hunger responses, with some having
an increased appetite, while others have decreased appetite (Simmons
et al., 2016). Variations in MDD-related appetite may explain why some
studies report decreased sucrose preference in ACTH-treated rats while
others showed the opposite (Zhao et al., 2018). Moreover, in MDD pa-
tients there is also a large variation in the preference for caloric-rich
foods, again largely dependent on inter-individual differences in
coping mechanisms (Koning et al., 2022). In rodents, these coping
mechanisms may manifest as changes in preference for sucrose and may
also be explained by altered dopaminergic activity in the meso-
corticolimbic pathway (Meye and Adan, 2014). In MDD patients,
increased appetite has been linked to hyperactivation of meso-
corticolimbic reward pathways while a loss of appetite is associated with
hypoactivation of insular regions responsible for homeostatic moni-
toring (Simmons et al., 2016). Activation of reward circuits increases the
hedonic drive to consume substances high in sugar and fat in response to

food cues (Adam and Epel, 2007). Indeed, patients with elevated cortisol
concentrations have an increased preference for sweet and savoury
foods over other foods (Geer, 2016). In our study, chronic ACTH
administration in males may have caused a glucocorticoid-related in-
crease in mesocorticolimbic reward signals, resulting in increased su-
crose consumption. Due to the extensive adaptation protocol required
for the SPT, the present study did not assess sucrose preference at
baseline, and hence we could not assess the change in behaviour over
time. Further studies need to assess sucrose preference changes over
time to better understand the effects of the dysregulated HPA axis on
inter-individual symptoms of anhedonia.

In contrast, imipramine treatment increased the volume of regular
water consumed in both male and female rats. Despite an overall sig-
nificant model effect, there were no differences in the sucrose preference
ratio between treatment groups. The increase in water intake subse-
quent to imipramine treatment has been shown in previous rodent
studies (Aulakh et al., 1987; Zabik et al., 1977). This imipramine-
induced increase in water consumption may be attributed to the
drug’s side effects, which include dry mouth and increased thirst (Fayez
and Gupta, 2020). Indeed, we have also shown that imipramine treat-
ment alone causes an increase in regular water consumption (Supple-
mentary Fig. 5). Taken together, similar to the OFT, imipramine
treatment did not reverse the effects of ACTH in the SPT, further illus-
trating the drug’s inefficacy in a model of HPA axis dysfunction.

4.4. Effects of HPA axis dysregulation on central BDNF and CREB mRNA
expression

This study showed that six weeks of ACTH administration resulted in
increased hippocampal BDNF and increased CREB mRNA expression
across all brain regions in male, but not in female rats. These findings
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Fig. 4. RT-PCR results showing the effect of ACTH and imipramine on the CREB mRNA expression in the prefrontal cortex (A), striatum (B), hippocampus (C), and
midbrain (D). ACTH (100 pg/day, sc) and saline (0.1 ml, sc) were administered once daily for 6 weeks. Imipramine (10 mg/kg/day, ip) and saline (0.2 ml/day, ip)
were administered once daily for 4 weeks (weeks 2-6). Data are presented as mean + SD relative to the housekeeping gene Thp. Data were analyzed using a two-way
ANOVA followed by a Tukey’s post hoc test. CON, control (males, n = 10); ACTH_S, ACTH + saline (males, n = 10; females, n = 5); ACTH_I, ACTH + imipramine

(males, n = 9; females, n = 5). * p < 0.05, ** p < 0.01.

differ from previous studies that administered ACTH to rodents for two
weeks and found either a decrease (Antunes et al., 2015; Zabik et al.,
1977) or no change in brain BDNF and CREB expression (Kuwatsuka
et al., 2013; Li et al., 2006). The differences in the expression of neu-
rotrophins in a model of ACTH-induced HPA axis dysfunction between
studies may be explained by differences in the duration and dose of
ACTH administration. The majority of studies investigating the depres-
sive effects of this model administered ACTH for a maximum of three
weeks (Antunes et al., 2015; Kuwatsuka et al., 2013; Li et al., 2006).
Although a single dose of an ACTH analogue has been shown to signif-
icantly increase BDNF and its receptor, Trkb, expression in the hippo-
campus of male rats (Dolotov et al., 2006), others showed that two
weeks of ACTH administration decreases both pro and mature BDNF and
CREB expression (Kuwatsuka et al., 2013). During ACTH-induced HPA
axis dysregulation, there is impaired negative feedback which results in
the hypersecretion of cortisol, adrenal androgens, and mineralocorti-
coids (Torres et al., 2001). These adrenal androgens, dehydroepian-
drosterone, pregnenolone, and their derivatives have been shown to
increase BDNF expression in the hippocampus (Naert et al., 2007).
Moreover, these neuroactive steroids also increase ACTH and CRH levels
in rodents, which supports the suggestion of hypersecretion of adrenal
hormones (Naert et al., 2007). GRs, mineralocorticoid receptors (MRs),
and Trkb are co-expressed on hippocampal neurons highlighting the
interplay between the GC-BDNF pathways (Jeanneteau et al., 2012). In
this regard, further studies are required to explore the possible adaptive
mechanism through which chronically altered HPA axis function leads

to an upregulation of neurotrophins following ACTH administration.

The increased CREB mRNA expression in all brain regions in the
present study may be explained by a GC-related increase in dopami-
nergic activity. As previously discussed, increased ACTH and circulating
GC levels correlate with increased dopaminergic activity (Abercrombie
et al., 1989; Baik, 2020; Willner et al., 1991). CREB regulates genes
crucial for the function of dopaminergic neurons (Wang et al., 2018).
Dopamine alters the phosphorylation of CREB via G-protein coupled
receptors, upregulating its expression (Wang et al., 2018). Consistent
with neurobehavioral results, chronic ACTH administration may have
resulted in a GC-mediated increase in dopaminergic activity, upregu-
lating CREB expression.

Our findings indicate a strong sex effect in HPA axis activity and the
expression of neurotrophins in response to repeated exogenous ACTH
administration. ACTH did not alter the mRNA expression of BDNF and
CREB in the female rat brain. This may also be attributed to the sup-
pressive effect of female sex hormones on the HPA axis (Patchev and
Almeida, 1996; Goel et al., 2011). Meanwhile, in the rats treated with
ACTH plus imipramine BDNF and CREB mRNA expression did not differ
from the controls in both males and females. The mechanims whereby
imipramine affects neurotrophic factors in HPA axis dysregulation re-
quires further investigation.

5. Limitations and future perspectives

Additional limitations should be considered. Differential group
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numbers may impact the statistical power of the study. The smaller
number of female rats when compared to male rats used in this study
should be considered when interpreting the effect of sex on neuro-
behavior and molecular expression. Nevertheless, a post-hoc power
calculation showed adequate statistical power. Changes in the FST and
OFT were not reported for control animals. However, since repeated
measures were used in the neurobehavioral analysis, animals within
each specific treatment group, served as their own control at baseline for
which more robust comparisons could be made. In the SPT, due to the
extended nature of the protocol (Liu et al., 2018), an assessment could
not be performed prior to ACTH administration, hence changes in
anhedonia over time could not be assessed and were only assessed prior
to termination for group comparisons. Furthermore, although changes
were observed in the sucrose preference test between groups, food
intake was not recorded in this study. Future studies should include
changes in feeding behavior to better interpret food motivation and
anhedonia. Lastly, ACTH and corticosterone levels were not measured in
this study and should be measured in future studies to assess HPA axis
function.

6. Conclusion

This study demonstrates that ACTH administration for two weeks
resulted in sex-specific responses, with decreases in overall mobility and
locomotion and increases in sucrose consumption, in males. In females,
ACTH had no effect on despair- or anxiety-like behaviours or on sucrose
consumption. Additionally, after six weeks, there were no differences in
depressive-like behaviour in the FST or OFT between the rats treated
with ACTH plus imipramine and those treated with ACTH plus saline.
However, imipramine treatment did increase water consumption. ACTH
administration increased BDNF mRNA in the hippocampus and CREB
mRNA in the prefrontal cortex, striatum, midbrain, and hippocampus in
males, an effect not observed in female rats. Co-administration of ACTH
and imipramine did not show any changes in BDNF and CREB mRNA
expression. Taken together, chronic ACTH administration may result in
despair and anxiety-like symptoms as well as depression-like increases
in appetite in male rats, which is not altered by imipramine treatment.
These results suggest that drugs targeting the monoaminergic system
may not be effective on depressive-like symptoms in a model of HPA axis
dysregulation. The contrasting results observed in the neurobehavioral
and molecular outcomes between male and female rats underscore the
differential sex-associated physiological mechanisms underlying
depression.
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