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Abstract

Maternal depression during pregnancy adversely affects offspring neurodevelopment and behaviour. Typical antide-
pressants like selective serotonin reuptake inhibitors have limitations due to risks of crossing the placenta. Ketamine
has emerged as a promising alternative treatment. This research examined ketamine's effects on offspring of mater-
nally stressed mice. Dams were divided into control, maternal adversity, fluoxetine, and ketamine groups. Open field,
sucrose preference, elevated plus maze, and forced swim tests assessed offspring anxiety, anhedonia, and despair.
Maternal adversity increased anxiety-like behaviours and ketamine or fluoxetine reversed some effects. However,
fluoxetine more effectively mitigated despair in forced swim tests. Ketamine moderately alleviated anhedonia versus
controls. Further research on dose-response and timing is needed to optimize ketamine treatment. Mitigating maternal
depression is crucial for preventing maladaptive offspring neurobehavioral trajectories.
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The perinatal period marks a sensitive develop-
mental window where maternal wellbeing exerts
profound impacts on foetal and offspring growth
[1]. Maternal stress, anxiety, and depression dur-
ing pregnancy occur in up to 20% of expecting
mothers [2] and confer risk for adverse offspring
outcomes like depression, attention-deficit hyper-
activity disorder (ADHD), and impaired cognition
[1,3,4]. The precise biological mechanisms linking
maternal mood to offspring development involve
the hypothalamic-pituitary-adrenal (HPA) axis,
placental function, inflammation, and neurotrans-
mitters like serotonin [4,5]. Ultimately, these path-
ways influence gene expression, neural connectiv-
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ity, and behaviour [6-9].

Firstly, maternal adversity activates the HPA
axis, increasing circulation of corticotrophin re-
leasing hormone (CRH), adrenocorticotropic hor-
mone (ACTH), and cortisol [4,10]. Cortisol crosses
the placenta, directly impacting the offspring's de-
veloping HPA axis, predisposing them to affective
disorders and cognitive deficits [5]. Fluoxetine
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treatment during pregnancy prevents some HPA
axis alterations by reducing corticosterone and
ACTH levels while increasing oxytocin and vaso-
pressin expression [7].

Additionally, proinflammatory cytokines trig-
gered by stress, anxiety, and depression can cross
the placenta, activating microglia and astrocytes in
the foetal brain [1]. This sets in motion inflamma-
tory cascades altering neurotransmitters, neu-
rotrophic factors, hormones, and neural connectiv-
ity [1]. Fluoxetine may mitigate inflammation-
induced epigenetic changes, as it increased his-
tone acetylation of brain-derived neurotrophic fac-
tor (BDNF) and corticotrophin releasing factor re-
ceptor 2 while decreasing methylation of these key
genes related to stress resilience [7].

Serotonin also plays a major role in neurodevel-
opment, regulating neuronal differentiation, migra-
tion, synaptogenesis, and network wiring [3,11].
Disrupting the serotonergic system with selective
serotonin reuptake inhibitors (SSRIs) like fluoxetine
could have unintended consequences on the off-
spring's brain development and later behaviour [3].
For example, developmental fluoxetine exposure
decreased size of the sexually dimorphic nucleus
preoptic area, tyrosine hydroxylase cell number in
the anteroventral periventricular nucleus, and vol-
ume of the posterior bed nucleus of the stria termi-
nalis — all regions strongly implicated in social and
sexual behaviours [3].

Rodent studies confirm fluoxetine's neurode-
velopmental effects, showing reduced ultrasonic
vocalizations in pups and social play in adoles-
cents after maternal fluoxetine exposure [11]. Male
offspring also demonstrated lower social interac-
tion in adulthood [11]. Though SSRIs like fluoxe-
tine remain frontline treatments for perinatal de-
pression, their unintended impacts on foetal neu-
rodevelopment highlight the need for alternative
interventions that effectively treat mothers without
secondary consequences for the next generation.

Ketamine has recently emerged as a promis-
ing antidepressant, demonstrating rapid and sus-
tained effects within hours compared to weeks for
conventional antidepressants [12-15]. Unlike
SSRIs targeting serotonin, ketamine primarily an-
tagonizes N-methyl-D-aspartate (NMDA) gluta-
mate receptors and enhances a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) recep-
tor transmission [16,17]. This cascade stimulates
release of neurotrophic factors like BDNF to pro-
mote synaptogenesis and reverse synapse loss
associated with depression [12]. Ketamine's dis-
tinct mechanisms could thus treat maternal de-
pression without directly interfering in serotonin-
mediated developmental processes.

Rcpp =y

Indeed, animal studies found that maternal keta-
mine administration buffered pups against prenatal
stress by preventing excessive ultrasonic vocaliza-
tions and improving spatial memory [18]. Another
study showed that postnatal ketamine exposure pre-
vented depression-like behaviour in maternally sep-
arated rat pups [19]. While early findings in offspring
are optimistic, rodent timing does not perfectly trans-
late to human neurodevelopment, so further re-
search is essential to ensure ketamine safety.

Some human trials show promising results as
well. A recent randomized control pilot study found
that a single sub-anaesthetic ketamine infusion was
feasible, well-tolerated, and efficacious for reducing
depressive symptoms in the postpartum period
[20,21]. In an open-label study of pregnant women
with treatment-resistant depression, over half of pa-
tients achieved remission sustaining for at least 2
weeks post-infusion [22,23]. Larger controlled trials
are currently underway to further investigate mater-
nal ketamine efficacy and safety [24,25].

This research aimed to compare effects of fluox-
etine and ketamine on offspring behavior following
exposure to an adversive maternal environment
modelled by chronic mild stress. Based on clinical
evidence and distinct mechanisms of action, we hy-
pothesized that ketamine could mitigate some del-
eterious effects of maternal adversity without di-
rectly interfering in offspring neurodevelopment like
fluoxetine. We specifically examined offspring anxi-
ety, anhedonia, and despair-like behaviour in ele-
vated plus maze, sucrose preference, and forced
swim tests respectively. Characterizing impacts on
neurobehavioral outcomes is an essential step to-
ward optimizing maternal depression treatment to
prevent transgenerational consequences.

2. MATERIALS AND METHODS

Animals: Forty albino dam mice, approximately 8
weeks old, were used. Every three female mice
were housed with one male and checked for vaginal
plugs every morning to confirm pregnancy, once the
pregnancy confirmed, they transferred to new cage
were housed individually where they had access to
water and food ad libitum. The temperature was
controlled other the day between 22-25 C° and hu-
midity about 60%.

Each 10 pregnant mice randomly assigned to
one of the 4 following treatment groups: 1) Control
with no adversity or medication, 2) Maternal adver-
sity without medication, 3) Maternal adversity with
fluoxetine 10 mg/kg, and 4) Maternal adversity with
ketamine 5 mg/kg. Litters were culled to 6 pups after
birth. At weaning on postnatal day 21, 2-3 male off-
spring from each litter were housed together
throughout behavioural experiments. All proce-
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dures were approved by the Institutional Animal
Care and Use Committee and kept under standard
protocol adopted in previous studies [26,27]. The
study has been registered and approved by
Committee of Medical Research Ethics by College
of Medicine/University of Mosul (Approval Letter
CCMRE-23-20 on 13 Dec 2023).

Maternal Adversity Paradigm: The maternal ad-
versity protocol to induce stree are vary which may
include onvernight illumination, tilted cages, novel
object, disrupted light/day cycles, and restraining
from studies exposing rodent dams to chronic vari-
able stress during late pregnancy [5,7]. In this study,
From gestational days 14-19, dams underwent daily
stress exposure consisting of individually restrain-
ing the pregnant mice in closed transparent plexi-
glass cylinder (4 cm in diameter and 12 cm long) for
45 min three time daily. Control dams remained in
normal housing conditions without any stressors.

Drug Administration: Stressed dams received
intraperitoneal (I.P.) injections of fluoxetine 10
mg/kg I.P., ketamine 5 mg/kg I.P., or saline vehicle
I.P. from embryonic days 14-19. The fluoxetine
dose was selected based on prior research demon-
strating efficacy in mitigating maternal separation
effects [7]. The ketamine dose matches common
antidepressant ranges without reaching anaesthetic
levels [28]. All injections occurred after the daily
stress exposure between 5-7 pm.

Behavioural Testing: All assays were conducted
on male offspring at 8-10 weeks old. Up to 3 males
from each litter were tested as biological replicates.
Animals were habituated to the testing room 2 hours
prior to experiments.

Elevated Plus Maze: The elevated plus maze
assessed anxiety-related behaviours through pref-
erential exploration of open and closed arms. The
maze consisted of two open arms without walls and
two enclosed arms surrounded by 15 cm high walls,
elevated 63 cm above the floor. Arms were 30 cm
long and 5 cm wide. The test began by placing mice
in the central junction facing an open arm and allow-
ing free exploration for 5 min. ANY-maze software
tracked movements. Time spent in open versus
closed arms was analysed. Increased open arm ex-
ploration indicates lower anxiety-like behaviour.

Forced Swim Test: The forced swim test evalu-
ated behavioural despair. Mice were placed for 6 min
into a transparent cylinder filled with 30 cm deep wa-
ter, 25—-27°C. The test commenced by gently lower-
ing mice into water and videotaping from the side.
ANY-maze software scored mobility versus floating,
defined as immobility for over 2 seconds. Increased
time spent immobile and not attempting escape is in-
dicative of despair-like learned helplessness.

Sucrose Preference: Sucrose preference as-
sessed anhedonia and reward-seeking deficits.

Mice were habituated to 1% sucrose solution for 48
hours. Food and water were removed 6 hours be-
fore testing. Mice were presented with two identical
bottles, one filled with water and one with 1% su-
crose solution. Bottles were weighed before and af-
ter the 2-hour test. Sucrose preference percentages
were calculated from volumes of sucrose solution
consumed divided by total volume of sucrose solu-
tion plus water consumed. Decreased sucrose pref-
erence indicates depression-like anhedonia.

Open Field Test: The open field test evaluated
anxiety-like behaviours through exploratory loco-
motion in a novel environment. The 50cm x 50cm x
50cm box had black plexiglass walls and white
flooring. Movements were video recorded for 60 min
under red lighting and tracked by ANY-maze soft-
ware. Time spent in the centre zone versus periph-
ery was analysed as a measure of anxiety, along
with total distance travelled over time. Increased
centre zone exploration and higher locomotion ac-
tivity suggest lower anxiety.

Statistical Analysis: One-way ANOVAs followed
by Dunnett's multiple comparisons tests evaluated
effects between control, maternal adversity, fluoxe-
tine, and ketamine groups. Two-way repeated
measures ANOVAs assessed open field effects
over time. GraphPad Prism version 8.4.2 was used
for all analyses with significance defined as p<0.05.
All data are presented as mean + SEM.

3. RESULTS

Locomotion Activity: An open field test evaluated ef-
fects on exploratory locomotion over 1 hour (Figure
1). Overall, distance travelled progressively de-
creased in all groups, reflecting habituation to the
novel environment over time. However, significant
differences emerged at specific intervals:
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Figure 1. The effect of maternal stress exposure on male
offspring. This figure shows the effect on both fluoxetine and
ketamine used to decrease maternal stress induced depres-
sion of male offspring locomotion activity. Data expressed as
mean+SD. 2 significantly higher as compared to other group
with different line colour at p<0.05.
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Compared to the maternal adversity group,
fluoxetine-treated offspring displayed heightened
locomotion activity at 50 and 60 min. Fluoxetine
also increased activity versus ketamine at 50 min.
This hyperactive drive may relate to dopaminergic
or serotonergic signalling imbalances, potentially in-
dicative of overcompensation effects from develop-
mental SSRI exposure previously shown in rodents.
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Figure 2. The effect of maternal stress of male offspring per-
formance in elevated plus maze. ketamine and fluoxetine both
ameliorate anxiety like effect. Data expressed as mean+SD.
similar letter indicates non-significant differences at p>0.05,
different letter indicates significant differences at p<0.05.

Elevated Plus Maze: Anxiolytic effects were as-
sessed on the elevated plus maze in Figure 2. Rel-
ative to controls, maternal adversity significantly
decreased time spent exploring the open arms, re-
flecting heightened anxiety. Ketamine and fluoxe-
tine treatments partially normalized this effect, as
both groups performed midway between adversity
and controls. While increased open arm preference
represents reduced anxiety with treatment, the
intermediate effect suggests maternal adversity
may still confer lingering impacts even with drug
interventions in early neurodevelopment.
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Figure 3. The effect of ketamine and fluoxetine on maternal
adversity induce depression-like behaviour on male
offspring. Data expressed as meantSD. similar letter
indicates non-significant differences at p>0.05, different
letter indicates significant differences at p<0.05.

Sucrose Preference: The sucrose preference
test evaluated anhedonia through intake of a re-
warding sucrose solution (Figure 3). Compared to
controls, the maternal adversity group showed
considerably lower sucrose preference, indicative
of a depression-like reward deficit state. Mirroring
clinical findings, both fluoxetine and ketamine elic-
ited at least partial restoration of sucrose prefer-
ence versus maternal adversity. The robust effects
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align with previous reports of their rapid antide-
pressant actions, though the lower performance
relative to controls warrants further dose
optimization.

Forced Swim Test: Finally, a forced swim test
assayed behavioural despair phenotypes (Figure
4). Maternal adversity significantly increased float-
ing time, suggestive of despair-like learned help-
lessness. Here, in contrast to sucrose tests, keta-
mine was ineffective while fluoxetine potently de-
creased immobility versus both control and adver-
sity groups. This more sustained antidepressant-
like response may relate to the role of serotonin
signalling in long-term stress coping. The findings
indicate pathway-specific impacts, with ad-
vantages of fluoxetine over ketamine for alleviating
despair but potentially at the expense of precari-
ous neurodevelopmental disruption.
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Figure 4. Time of immobility in forced swimming test. Mater-
nal stress increases offspring's immobility time in FST when
compared to the mice which their dam didn’t expose to such
stress. fluoxetine but not ketamine reduces the time of im-
mobility. Data expressed as meantSD. similar letter
indicates non-significant differences at p>0.05, different
letter indicates significant differences at p<0.05.

4. DISCUSSION

This study provides evidence that ketamine could
effectively treat aspects of maternal adversity-
induced depression-like phenotypes in offspring
without conferring adverse consequences of direct
serotonin disruption like fluoxetine. Both drugs al-
leviated anxiety-like behaviours in an elevated
plus maze and reversed maternal adversity’s im-
pacts on anhedonia based on sucrose preference
tests. However, in a forced swim test assessing
behavioural despair, fluoxetine outperformed ket-
amine. These findings have implications for opti-
mizing maternal depression treatment to support
healthy neurodevelopment.

Maternal adversity exposure utilizing chronic
stressors mimics elements of human environmen-
tal risk factors that could act alone or interact with
genetic vulnerabilities to induce perinatal depres-
sion. As predicted based on prior work, offspring
demonstrated anxiety-like behaviour with reduced
open arm exploration on the elevated plus maze
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[6,7] coupled with decreased sucrose preference
indicating anhedonia [1,29]. Open field testing re-
vealed no differences in center zone exploration
but did suggest hyperlocomotion in the fluoxetine
group.

Both ketamine and fluoxetine ameliorated anx-
iety-related behaviours, aligning with known anxio-
Iytic effects [28,30]. The mechanism may involve
buffering excess stimulation of the HPA axis and
downstream corticosterone release triggered by
maternal stress [7]. A rat model of inflammation-
induced prenatal stress found that fluoxetine pre-
vented epigenetic effects on corticotrophin releas-
ing factor receptor 2, which could mitigate anxiety
by potentiating serotonin signalling [7]. In contrast,
ketamine may reduce anxiety through opposing in-
teractions with NMDA and AMPA glutamate recep-
tors which regulate excitation/inhibition balance
[28].

Our results also demonstrate ketamine and
fluoxetine's efficacy in treating anhedonia, one of
depression's hallmark symptoms. This adds to ex-
isting evidence that ketamine alleviates reward
processing deficits in both human and animal stud-
ies [28,31,32]. Increased ventral striatal responses
to reward cues post-ketamine infusion correlated
with reduced anhedonia ratings, suggesting me-
dium spiny neuron disinhibition. Enhancing AMPA
throughput could strengthen dopaminergic encod-
ing of value and salience [33]. Unlike traditional
antidepressants targeting the serotonergic sys-
tem, ketamine may more directly modulate reward
circuity through glutamate and dopamine interac-
tions [28].

In the forced swim test though, ketamine failed
to impact floating time whereas fluoxetine robustly
decreased immobility. Our results support previ-
ous studies showing limited effects of ketamine on
despair-like behaviour in this specific assay, po-
tentially due to stress-induced corticosterone inter-
ference [28,34]. However clinical investigations
demonstrate ketamine rapidly reduces suicidal
ideation in treatment-resistant patients, so lack of
effects in rodent forced swim may simply reflect a
poor model of predictive validity for this singular di-
mension of depression [35]. Patients describe the
post-ketamine state as no longer feeling burdened
by negative thoughts rather than a stimulated
mood, so the test may not capture relevant phe-
nomenology [12]. Regardless, our findings indi-
cate superior efficacy of fluoxetine over ketamine
for mitigating behavioural despair in offspring ex-
posed to maternal adversity.

Open field results were more difficult to inter-
pret, with no clear effects on centre zone explora-
tion but seemingly increased locomotion activity in
the fluoxetine group over time. Hyperlocomotion

could relate to other research showing adolescent
and adult hyperactivity following developmental
fluoxetine exposure, which authors posit reflects
serotonergic excitation/inhibition imbalance in cor-
tical and striatal circuits [30,36]. This again high-
lights potential unintended consequences of di-
rectly interfering in the serotonergic system during
sensitive neurodevelopmental windows.

Counter to original hypotheses, ketamine did not
outperform fluoxetine across all domains. While
demonstrating equal effectiveness for anxiety and
moderate improvements in anhedonia, fluoxetine
elicited more robust antidepressant-like responses.
However, it remains concerning that despite alleviat-
ing offspring behaviour, fluoxetine still crosses the
placenta and acts directly on the foetal brain during
vulnerable developmental periods with unpredicta-
ble echo effects that may not manifest until adoles-
cence or adulthood [30]. Ketamine, in contrast, has
not been shown to accumulate in foetal tissue or
breastmilk, conferring an advantage [37].

Optimal dose and timing of exposure represent
other critical considerations moving forward. Our
ketamine dosage and injection schedule were se-
lected based on common antidepressant admin-
istration. But the lacklustre forced swim test results
raise questions about whether this regimen suffi-
ciently penetrates the foetal compartments to in-
duce sustained behavioural changes. Recent work
suggests the S(+)-ketamine enantiomer confers
greater potency and longer-lasting upregulation of
trophic factors that may bolster neuroplasticity re-
quired for depression remission [38]. Earlier initia-
tion of treatment prior to implementing maternal
stressors could also reinforce neuroprotective
pathways.

Furthermore, we only examined a subset of be-
haviours in adult male offspring. Testing a wider
range of phenotypes, including social, cognitive,
sensorimotor, and self-administration assays
could reveal additional domains where ketamine
and fluoxetine diverge. Female offspring may also
respond differently based on based on sex differ-
ences in placental functioning, epigenetic profiles,
and neurotransmitter systems modulated by hor-
mones [39,40]. Our modest sample sizes likewise
limit generalizability and warrant studies with
larger cohorts reflecting a spectrum of genetic and
environmental variability to better translate find-
ings to heterogeneous human populations.

Ketamine holds advantages over conventional
antidepressants like fluoxetine due to the risks
SSRIs pose to the developing foetal brain when
crossing the placenta. However, timing, dosage,
and interactions with the maternal-foetal interface
could influence ketamine’s effects as well. While
maternal treatment cannot replicate direct expo-



130 REVIEW OF CLINICAL PHARMACOLOGY AND PHARMACOKINETICS, INTERNATIONAL EDITION 2024

sure, some transmission to offspring likely still oc-
curs during pregnancy and lactation through indi-
rect pathways.

For example, blocking NMDA receptors im-
pairs negative feedback on CRH neurons, in-
creasing hypothalamic CRH which then circulates
to the placenta [41]. Placental CRH secretion also
inhibits active transport of maternal nutrients like
zinc and fatty acids to the fetus which play vital
roles in neurodevelopment [42]. Ketamine's
antidepressant actions stem from ultimate down-
stream impacts on BDNF and synaptogenesis, so
even minor reflective changes in levels reaching
the foetus could exert actions on neuronal growth
and connectivity imprinting lifelong consequences.
Multi-generational studies tracking transdiagnostic
outcomes are imperative [43].

Our future directions include testing direct foe-
tal and early postnatal ketamine administration to
model reported clinical IV administration protocols
for mothers. Comparing long-term safety and effi-
cacy to maternal exposure alone will better isolate
mechanisms of transmission versus protection.
Testing more chronic low-dose paradigms may
provide insight on whether sustaining neurotropic
factor upregulation prevents maladaptive plasticity
associated with early adversity. Rational poly-
therapy combining ketamine with omega-3s could
synergize these neuroprotective and anti-
inflammatory pathways as well.

5. CONCLUSION

Maternal depression, anxiety, and stress during
the perinatal period activate interconnected bio-
logical cascades which impair neurodevelopment
and predispose offspring to psychopathology, with
effects empirically shown to persist into adulthood.
Typical antidepressant medications risk unin-
tended consequences by directly disrupting neu-
rotransmitter systems involved in brain maturation
processes. Our findings indicate ketamine could
treat aspects of maternal adversity-induced be-
havioural dysfunction without conferring adverse
effects of selective serotonin reuptake inhibitors
like fluoxetine. While fluoxetine elicited more pow-
erful effects alleviating despair, equal amelioration
of anxiety and anhedonia by ketamine highlights
its therapeutic promise for breaking intergenera-
tional cycles of psychopathology. Further elucidat-
ing transmission pathways and optimizing expo-
sure timing will illuminate best practices ensuring
healthy = maternal treatment and foetal
development.
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