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1 | INTRODUCTION

Antidepressants represent up to 29% of all analgesic pre-
scriptions used to treat chronic pain and were shown to
have a direct analgesic effect in patients with chronic
pain (Breivik et al., 2006; Fishbain et al., 2000;
McDermott et al., 2006). The overlap of antidepressants’
effectiveness for chronic pain and affective disorders like
anxiety and major depression may arise from the strong
co-morbidity observed between chronic pain and these
conditions. Indeed, emotional disturbances often arise as
a consequence of chronic pain or can be a risk factor for
its chronification (Means-Christensen et al., 2008; Tsang
et al., 2008; Woo, 2010). Central to both the modulation
of (chronic) pain and affective disorders is the
neurotransmitter 5-hydroxytryptamine (5-HT; serotonin)
(Baldwin & Rudge, 1995; Huang et al, 2019;
Millan, 2002).

In addition to its role in regulating pain and
emotions, serotonin promotes neuronal network
formation, including processes like neurite outgrowth,
synaptogenesis, cellular differentiation, and cell migra-
tion (Faber & Haring, 1999; Fricker et al., 2005; Gaspar
et al., 2003; Suri et al., 2015). As serotonin modulates
network maturation and adult emotional behaviour, the
serotonin transporter (SERT) is crucial to the regulation
of extracellular serotonin concentrations in early-life
(Daubert & Condron, 2010; Suri et al., 2015). SERT is
responsible for the reuptake of extracellular serotonin
and is the main target of selective serotonin reuptake
inhibitors (SSRI); 16.4% and 12% of pregnant women suf-
fer from ante-partum and/or post-partum depression,
respectively (Okagbue et al., 2019; Shorey et al., 2018).
Accordingly, 2% of women are prescribed with SSRIs
during pregnancy, which were shown to transfer across
the placenta as well as into the breast milk, hence expos-
ing the developing foetus and infant to the medication
(Kristensen et al., 1999; Rampono et al., 2004; Ververs
et al., 2006). Consequently, serotonin modulation during
development, such as experienced by early-life SSRI
exposure, affects the maturation of the central nervous
system and has long-lasting consequences on the off-
spring’s pain response as well as on its affective com-
orbidities (Butkevich & Mikhailenko, 2018; Glover &

amygdala circuits and thereby enhances their antinociceptive inputs in the
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Clinton, 2016; Homberg et al., 2010, 2014; Lee, 2009;
Suri et al., 2015; Toffoli et al., 2014). As the understand-
ing of the role of early-life SSRI exposure on pain in
later life is limited, insights from their effects on affective
comorbidities, like anxiety disorders and major
depression, might allow for better comprehension of the
potential long-term effects of early-life SSRI on the
maturation of the CNS and the related behavioural
consequences.

Emotional disturbances, such as anxiety disorder and
major depression, may increase pain sensation and vice
versa, thereby suggesting the involvement of common
pathways and neuronal networks (Ong et al., 2019; Qi
et al., 2014). Pain, as well as affective comorbidities are
modulated by a wide range of brain regions, among
which the prefrontal cortex (PFC) and the amygdala
(Bernard et al., 1996; Ong et al, 2019; Simons
et al., 2014). The amygdala receives sensory and nocicep-
tive information via ascending pathways to integrate the
affective component of pain but also modulates pain by
projecting to descending pain centers such as the per-
iaqueductal grey (PAG) (Bernard et al., 1996; Gauriau &
Bernard, 2002; Veinante et al., 2013). Furthermore, the
amygdala is required for the modulation of chronic pain
by the PFC and presents a deepened connectivity with
the PFC upon heightened anxiety and depression in late
childhood (Jalbrzikowski et al., 2017; Ong et al., 2019).
Likewise, patients suffering from chronic pain show
increased functional connectivity between the amygdala
and the PFC. Furthermore, amygdala projections inhibit
the PFC, which in turn leads to a reduced PAG-mediated
serotonin-dependent antinociception in neuropathic
animals (Huang et al., 2019; Simons et al., 2014). The des-
cending antinociceptive system is believed to be activated
by SSRI, leading to the alleviation of pain (Marks
et al., 2009).

The importance of connections between the PFC and
the amygdala in the modulation of both pain and its
affective comorbidities highlights the need to better
understand the long-term effects of early-life SSRI expo-
sure on those brain regions. Disruption of the developing
network between the PFC and the amygdala by exposi-
tion to SSRI around birth is likely to have dramatic long-
term consequences and may result in both pain and
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emotional disturbances (Gaspar et al., 2003). The aim of
the present perspective paper is to understand how early-
life exposure to SSRIs alters developing connections of
the PFC and the amygdala, and thereby underlies long-
term changes in pain and its co-morbidities in later life.
To this end, we summarize the state of the field in early-
life SSRI exposure and pain, before exploring the long-
term effects on affective comorbidities. Most importantly,
by describing the effects of SSRI exposure around birth
on the maturation of the neuronal network and connec-
tions between the PFC and the amygdala, we link these
underlying mechanisms to implications in pain and its
affective comorbidities.

1.1 | Search strategy

Systematic searches were conducted on Embase, Medline
and PubMed, combining the following terms (and related
synonyms): “serotonergic system,” “early-life,” “prefron-
tal cortex” or “amygdala,” “mood disorder,” ‘“neuro-
development” and “nociception.” The search resulted in
1484 hits, of which titles and abstracts were screened for
relevance (by MB and ARdK). A special attention was
given to the studies examining behaviour and/or neurobi-
ological change in the amygdala and/or the PFC follow-
ing SSRI exposure anytime between gestational day
0 (G 0) and postnatal day 21 (P 21) or that made use of
SERT knock-out models. This resulted in a total of 53 arti-
cles included in this review. Administration of SSRI
between G 0 and P 1 is classified as prenatal treatment,
while administration of SSRI from P 1 to P 21 is defined
as postnatal administration. Treatment during both the
prenatal and postnatal periods is referred as perinatal.

EEINT3

2 | EARLY-LIFE SSRI EXPOSURE
AND LONG-TERM EFFECTS ON
PAIN

Long-term behavioural effects of prenatal, postnatal, and
perinatal SSRI exposure have been reported in various
animal models (Butkevich & Mikhailenko, 2018;
Knaepen et al., 2013; Lee, 2009; Toffoli et al., 2014). It
should be noted that animals’ pain behaviour was based
on reflex-based responses (like thermal hypersensitivity
of the hind paws), hence representing nociception rather
than pain. While some studies describe no effects of peri-
natal SSRI exposure on adult thermal sensitivity (Lisboa
et al., 2007), other studies reported antinociceptive ther-
mal effects or the maintenance of thermal threshold in
young rats perinatally exposed to SSRI (Table 1)
(Butkevich & Mikhailenko, 2018; Lee, 2009; Toffoli
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et al., 2014; Vartazarmian et al., 2005). In contrast,
decreased mechanical withdrawal thresholds were
reported in adulthood after perinatal SSRI exposure,
suggesting pronociceptive long-term effects on mechani-
cal sensitivity (Knaepen et al., 2013). In addition, animals
postnatally exposed to SSRIs showed longer postoperative
hypersensitivity in adulthood upon re-injury while
maternal prenatal stress alone was shown to decrease
postoperative hypersensitivity (Knaepen et al., 2013).
Thermal sensitivity to heat stimuli is mediated by the
transient receptor potential vanilloid type 1 (TRPV1)
which was recently shown to exert antidepressive effects
and may therefore participate to the differential out-
comes of early life SSRI exposure on mechanical versus
thermal sensitivity (Manna & Umathe, 2012). All the
studies observing nociceptive behaviour after early life
SSRI exposure injected animals with Fluoxetine but with
different dosages and mode of injection, without affecting
nociception (Table 1). It is therefore of great interest to
investigate the effect of other SSRIs on long-term noci-
ceptive behaviour.

Clinical reports on the long-term effects of perinatal
SSRI exposure on pain are limited. Two clinical studies
indicate a reduced pain response following exposition, as
infants presented diminished facial reactivity at 2 days
and 2 months of age (Oberlander et al., 2002, 2005). To
date, one case report has been published, indicating a
lack of pain responses after SSRI exposure around birth
in a newborn (Morag et al., 2004).

Taken together, clinical, and preclinical studies show
that early-life SSRI exposure results in long-term effects
on nociception, which might either be antinociceptive or
pronociceptive (Knaepen et al., 2013; Morag et al., 2004;
Oberlander et al., 2002, 2005). Owning to the fact that the
number of studies is limited, the conclusions are to be
taken with the utmost care as more evidence is needed to
substantiate these findings.
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3 | EARLY-LIFE SSRI EXPOSURE
AND LONG-TERM EFFECTS ON
AFFECTIVE COMORBIDITIES

Affective disorders such as anxiety disorders and major
depression are known to predispose individuals to pain
(Means-Christensen et al., 2008; Woo, 2010). To improve
the understanding of potential long-term effects of early-
life SSRI exposure on nociception, evidence related to the
long-term effects on affective comorbidities are discussed.

Rodents perinatally exposed to SSRIs often display
alterations in anxiety-related parameters, as assessed in a
variety of tests including the open-field test (OFT), the
elevated plus maze (EPM), the light-dark box and the
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novelty suppressed feeding (NSF) test (Butkevich &
Mikhailenko, 2018; Ko et al., 2014; Millard et al., 2019;
Sarkar et al., 2014; Zohar et al., 2016). The majority of
these studies reported no effects of perinatal SSRI expo-
sure on anxiety in the OFT or the EPM, independent of
timing of exposure (prenatal, perinatal, or postnatal)
(Ansorge et al, 2008; Bairy et al, 2007; Boulle
et al., 2016a,b; Coleman et al., 1999; Ehrlich et al., 2015;
Glover et al., 2015; Grimm & Frieder, 1987; Lisboa
et al., 2007; Meyer et al., 2018; Nagano et al., 2012; Popa
et al., 2008; Rayen et al., 2011; Toffoli et al., 2014). On the
other hand, a small number of studies observed enhanced
anxiety following prenatal, postnatal, or perinatal SSRI
exposure (Butkevich & Mikhailenko, 2018; Ko
et al., 2014; Millard et al.,, 2019; Rebello et al., 2014,
Sarkar et al., 2014; Zohar et al., 2016). Conversely, a
decrease in anxiety behaviour following prenatal or post-
natal SSRI exposure was reported (da Silva et al., 2014;
Glover et al., 2015; Ko et al., 2014). The high variability
in the type of SSRI used, dosage, method of SSRI admin-
istration, timing, and type of behavioural testing, as well
as the parameters assessed in the anxiety-related behav-
ioural tests might explain the differences in results
reported by the various studies (Table 2). Furthermore,
Rebello et al. (2014) detected behavioural effects of post-
natal exposure to fluoxetine (FLX) only when medication
was administered between P 2 and P 11. Those results
suggest that in mice, P 2-P 11 is a time sensitive period
that may characterize this animal model (Rebello
et al, 2014). In summary, early-life SSRI exposure
increases or decreases anxiety-related behaviour,
depending on numerous factors such species-specific and
time-sensitive periods, SSRI dosage and age of the off-
spring studied.

Interestingly, exposure to perinatal SSRI diminishes
exploratory behaviour in adult animals (Ansorge
et al., 2004, 2008; Grimm & Frieder, 1987; Karpova
et al., 2009; Lee, 2009; Millard et al., 2019). While anxiety
represents a fearful response to an (anticipated) aversive
event, and may involve differences in exploratory behav-
iour, the latter also depends on the innate drive of
rodents to apprehend their environment. Although most
studies reported no effect of perinatal SSRI exposure on
anxiety per se, they consistently report decreased explor-
atory behaviour (Ansorge et al., 2004, 2008; Glover
et al., 2015; Karpova et al., 2009; Millard et al., 2019). For
instance, animals postnatally exposed to SSRI developed
an enlarged latency to feeding in the NSF test in late
adulthood (Ansorge et al, 2004, 2008; Karpova
et al., 2009; Rebello et al., 2014; Soiza-Reilly et al., 2019).
Furthermore, postnatal SSRI exposure decreases explor-
atory behaviour in all but SERT —/— knockout animals,
suggesting that the effect of postnatal SSRI exposure on
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exploratory behaviour is 5-HT dependent (Ansorge
et al., 2004). This conclusion is supported by animals
inclined to risk-taking behaviour exhibiting serotonergic
circuit disparities, which likely explain different out-
comes in exploratory behaviour with breeds prone to anx-
ious temperament (Glover et al., 2015, Kerman
et al., 2011). The work by Glover et al. (2015) suggests
that intensified extracellular 5-HT concentrations reduce
exploratory behaviour, which may also result from
disrupted fear acquisition following alteration of the
SERT system during development (Bijlsma et al., 2015;
Glover et al., 2015; Rebello et al., 2014). Lower innate
drive to exploration in rodents following early-life SSRI
exposure suggests anxiety and/or depressive-like behav-
iour. However, the decrease in exploratory behaviour
upon perinatal SSRI exposure was not supported by all
studies; two studies reported no effects of prenatal SSRI
exposure on adult exploratory behaviour in the OFT and
the 8-maze, results potentially explained by the use of
female instead of male rodents and/or the use a different
behavioural test (Coleman et al., 1999; Ehrlich
et al., 2015). While a study found a negative effects of
SERT-knock out (SERT-KO) on the time spent in the
light compartment, other studies did not find an effect of
postnatal and perinatal SSRI treatment on exploratory
behaviour in the light/dark box and the NSF (Francis-
Oliveira et al., 2013; Nagano et al, 2012; Popa
et al., 2008). Indeed, SERT-KO animals seemed to display
a more anxious temperament in the light/dark box and
the EPM as compared with wild type animals postnatally
treated with SSRIs (Popa et al., 2008). The contradictory
findings regarding exploratory behaviour may result from
the interdependency between exploratory behaviour, anx-
iety, and depressive-like behaviour.

Numerous rodent studies have reported enhanced
depression-related behaviour in adulthood following peri-
natal SSRI exposure (Boulle et al., 2016b; Glover
et al., 2015; Ko et al., 2014; Lisboa et al., 2007; Millard
et al., 2019; Rebello et al., 2014; Sarkar et al., 2014; Soiza-
Reilly et al., 2019; Zohar et al., 2016). Notably, perinatal
SSRI exposure increases depressive-like symptoms in the
forced swim test (FST) and the sucrose preference test
(Boulle et al., 2016b; Glover et al., 2015; Millard
et al., 2019; Popa et al., 2008; Rebello et al., 2014; Zohar
et al., 2016). Furthermore, the development of
depressive-like behaviour following perinatal SSRI expo-
sure is dependent on SERT availability, as suggested by
the development of depressive-like behaviour in bred ani-
mals naturally prone to anxious temperament but not in
risk-taking animals (Glover et al., 2015). Findings from
early-life SSRI exposure are supported by SERT-KO
models reporting increased depressive-like behaviours in
the FST (Wellman et al., 2007). No significant differences
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were observed in depressive-like behaviour between

S o ;‘g? 3 CE; SERT-KO and wild-type animals exposed to SSRIs peri-
E E ° E E natally (Popa et al., 2008).
3 S g © . . . .
a3 g s E In conclusion, exposure to SSRI in early life results in
%E E a3 . decreased exploratory behaviour and increased
3 ) g% 2 =
w B E g 2 EE2E depressive-like behaviour in rodents. Considering the
7] o7 B SV . . . . . . .
E S § % % 2532 intensified depressive-like behaviour following early-life
QL >
- E > g E 3 g SSRI exposure, reduced exploratory behaviour might be
o X
Es z £ linked to depression rather than anxiety-related mecha-
E E Zz ; nisms. Depressive-like and anxiety-related phenotypes
@ ooy E ) ‘2 are shown to predispose the individuals to pain, and
= S 5B . L . .
2 5 ; Ef’ Pt g% % increased depressive-like behaviour may in turn affect
g 2 F° 8% & % pain behaviour in an early life SSRI exposure-dependent
S g 5 9 7] .
g % i ‘g’ E,) £ g = manner (Woo, 2010). Furthermore, if neuronal networks
S ; § E & 3 § Y involved in depression and anxiety-related processing
. =) 2 g
- £ 7Y 3E8E and that are shared with pain are affected by early life
o = ’E‘ v 8 a @
S£22 SSRI exposure, one may expect pain alterations following
9 3
RI Eﬂ S 8 g perinatal serotonergic modulation.
n =8 0 8
; ey
SE Ly
3| %é\ R 4 | THE ROLE OF THE PFC AND
& = > = g THE AMYGDALA IN THE LONG-
S
~ ) g 21 TERM CONSEQUENCES OF EARLY-
g: § g ‘g ?::f LIFE SSRI EXPOSURE IN THE
% 23 3 MODULATION OF PAIN
oA 3 — 8 &
o =3
a § ) 2 £ The PFC and the amygdala are closely linked to anxiety
gl 2 % *“é’ ?E and depression, but also play a role in the descending
g 3 4 S E= serotonergic modulation of nociception (Huang
@ Tl . . .
g, 8¢ et al., 2019; Jalbrzikowski et al., 2017). As early-life SSRI
§ o g 2 & 5 impacts later life nociception and depressive-like behav-
—_— < Q
S i g G Eﬁ 2 iour, it is of major interest to understand the effects of
o L.
.E M § gL ey SSRI exposure around birth on the maturation of the
Ay L=
2 ‘é ) % Zﬂ PFC and the amygdala.
5 § = 5 By the presence of SERT and 5-HT receptors in the
= 8EXT PFC and the amygdala, early life SSRI exposure affects the
m v [y g9 yg y Xp
- 7 2EGH ; ; ;
N 2 == maturation of those regions. In the PFC, SERT is
= o b E S . . .
g S < é 3 E o expressed in glutamatergic pyramidal neurons between P
~ £ § O %g ?{g 0 and P 10 (Narboux-Néme et al., 2008; Soiza-Reilly
a2 4 = E H g g et al., 2019). The high expression of monoamino-oxidase
N m
9 . 254 % (MAO) A and MAO B, the absence of tryptophan hydroxy-
@ = = EEGE lase (Tph) or aromatic acid decarboxylase and the pres-
oy _ %’ Zg 5 é ence of SERT in a small subset of PFC neurons suggests
- %] .o, .
9 2 2 g 5% ;f‘ that those SERT-positive neurons remove serotonin from
5 g S 5 ?ﬁ E g = the extracellular space during postnatal life (Soiza-Reilly
=) ; g 2 §‘ et al., 2019). This subset of PFC neurons is therefore vul-
E s S E nerable to the modulation of the SERT system by perinatal
= 23 8 .
g I 3 ¢ & % SSRI exposure. For instance, postnatal exposure of the SSRI
S = EE) £ 3 ; i Citalopram downregulated the expression of SERT in the
= (=] Q .n . . . .
~ § - g g gé N g mPFC in later life, while perinatal exposure of SSRI
8 = 2% ¢z ertraline exposure upregulated cortical expression
= 2 £ £=  ZSH¥T Sertral p pregulated 1 SERT exp
== Q = . . .
i E § E ¢ i E 8 E in later life (Meyer et al., 2018; Simpson et al., 2011; Zhou
= S8 5 et al., 2015). In neurons of the amygdala, SERT is not
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expressed throughout life but is present in nerve endings
innervating the amygdala (Asan et al., 2013; Narboux-
Néme et al, 2008). Moreover, prenatal SSRI-treatment
upregulated the autoregulatory 5-HTla receptor in the
amygdala, suggesting the development of fewer serotoner-
gic neurons compared with control offspring (Ehrlich
et al., 2015; Rumajogee et al., 2004).

4.1 | Early-life SSRI exposure affects
cortical maturation and intraconnectivity
of PFC and amygdala

Serotonin production and degradation in the PFC were
shown to be vulnerable to perinatal SSRI exposure
(Gemmel et al., 2018; Glazova et al., 2014; Meyer
et al., 2018; Velasquez et al., 2019). Lower levels of seroto-
nin were found in the G 17 embryo of mice treated with
SSRIs at G 8, implying that early-life SERT blockade does
not, contrary to adulthood, lead to a long-lasting raise in
serotonin concentrations in the extracellular space
(Velasquez et al., 2019). Prenatal SSRI exposure resulted
in extracellular levels of serotonin as low as that
encountered in SERT-KO animals at G 17 (Velasquez
et al., 2019). In contrast, the rate-limiting enzyme
for serotonin production (Tph2) is upregulated in
20-week-old rodent PFC after perinatal SSRI exposure,
suggesting higher levels of extracellular serotonin (Meyer
et al., 2018; Walther et al., 2003). In line with these
results, heightened serotonin turnover and levels were
reported in adolescent animals (Gemmel et al., 2018;
Glazova et al., 2014). Thereupon early-life SSRI exposure
has a developmental timing effect, with a transitory
decrease in serotonin neonates but an increase starting in
adolescence. Changes in PFC serotonergic levels after
perinatal SSRI exposure were not observed in all studies
and are likely the result of a species-specific and time-
sensitive period for observing consequences of SSRI
exposure (Gemmel et al., 2016; Grimm & Frieder, 1987;
Ko et al., 2014; Suri et al., 2015). The transitory decrease
in extracellular serotonin during early life has structural
and physiological consequences mediated by 5-HT recep-
tors: while some 5-HT receptors present a time-sensitive
shift in cortical response from excitatory to inhibitory,
other 5-HT receptors such as 5-HT 1la/lb have auto-
inhibitory effects on the growth of serotonergic neurons
(Suri et al., 2015). In addition, the FLX-mediated stimula-
tion of 5-HT2a downregulated this receptor, leading to
long lasting anxiety-related and depressive-like behaviour
(Sarkar et al., 2014). The role of 5-HT receptor alterations
following early life SSRI exposure and implications on
pain comorbidities has been reviewed in more detail by
Suri and colleagues.

4.2 | Changes in serotonergic
metabolism impact upon epigenetic
mechanisms within the PFC and the
amygdala

While to the best of our knowledge, no studies have
investigated early-life SSRI-induced alteration in seroto-
nin levels in the amygdala, one study reported down-
regulation of multiple genes in the amygdala between P
14 and P 21 in animals prone to anxious behaviour peri-
natally exposed to SSRI (Table 3) (Glover et al., 2015).
Unfortunately, while the genes seemed to be associated
with haemoglobin complex and intracellular organelles,
the functional implications of this downregulation of
genes in the amygdala are not clear (Glover et al., 2015).
In the PFC, increased methylation patterns following
perinatal SSRI administration were reported, which
suggests epigenetic changes to be associated with
early-life SSRI exposure (Toffoli et al., 2014). Similarly,
SERT-KO animals showed reinforced 5'-cytosine-pho-
sphate-guanine-3' (CpG) methylation pattern at P 7 and
P 21, indicating epigenetic changes associated with
SERT-KO (Calabrese et al.,, 2013). SERT-KO animals
presented down- and up-regulation of genes involved in
cytoskeleton interaction, neurite/axon outgrowth and
synaptic development (Soiza-Reilly et al., 2019).

Early-life SSRI exposure has consequences at the gene
transcription level with repercussions on neuronal matu-
ration of the PFC and the amygdala (Calabrese
et al., 2013; Glover et al., 2015; Soiza-Reilly et al., 2019;
Toffoli et al., 2014). For instance, postnatal SSRI exposure
increases S100B-positive astrocytes in the PFC (Bock
et al., 2013; Gemmel et al., 2016, 2018). It is hypothesized
that the transient heightened S100p following perinatal
SSRI exposure results in enhanced serotonergic growth
in the PFC, via stimulation of 5-HT receptors on astro-
cytes, eventually resulting in S100p release (Bock
et al., 2013; Gemmel et al., 2016, 2018; Glover &
Clinton, 2016; Nishimura et al., 1995). Furthermore, syn-
aptic growth is closely related to the SERT system, as
suggested by the diminished presence of the synaptic
growth marker postsynaptic density protein-95 (PSD-95)
in SERT-KO animal (Brivio et al., 2019). While Gemmel
et al. (2018) reported no effect of perinatal SSRI exposure
on PSD-95 protein levels, Millard et al. (2019) showed a
decline in PSD-95 RNA levels in adult animals perina-
tally exposed to SSRI. It is therefore possible that, even
though PSD-95 proteins are not disturbed by the expo-
sure to SSRI in early-life, the changes in PSD-95 mRNA
alone following SSRI exposure around birth are sufficient
to affect synaptic growth and development (Gemmel
et al., 2018; Millard et al., 2019). Likewise, perturbations
of the serotonergic system in early-life alters the



305

WILEY

EJ N European Journal of Neuroscience FENS

BAUDAT ET AL.

(senunuo))
Juaunean)
XTd Summorjoy uorssardxa
VNYW pasealoul pue
Dad 23 Ul £)isudp 20
g00TS pasea1our uLd} Suo
*SANISUSP ONLIPUSP
Ppaonpay ‘YISus| oNIIpUSp
1978213 ‘Kxordwod
ONLIPUAP PIseaIdu]
'SQUOURIq ONLIPUIP
JUBISQNXH "WSI[0qeIoul
LH-S U0 5399139 ON

"SO[BW UO O3 ON
"IOAOUIN] PIsSEaIP ‘DAd
S[ewoy Ul L H-S paseaiou]
"SO[BWISY
jou Jng S9feW Ul I1D
£q parodQe :uonnqLISIp
BLLH-S JUSISHIP XS

"X9)100 A}
ul % UOTIB[AYIoUW Pasealou]

(Tano

‘S6-ASd ‘BTUN ‘TIN)

sI9yIew d131ajewreIn|3
JO [9AS] TBOT}I0D PAsEIIND(T

“3urpuiq JYHS Uo $1091J9

ON "0 (d 10U Inq 97

d e X91109 [BIU0IJ 3}
Ul Judluold [, H-S pasealdu]

"S1091J9 ON

synsoy

S[199 aanisod
d00TS 10} HDI YOdM

Surure)s

x0D-13[09 "d1[, 10J DHI

*s[oAd] ydy, 105 Sumolq

uIIsoM "LH-S pue
VVIH-S Jo sisf[eue ) TdH

D ‘6

-S4 ‘uisAydoideu£s jo

DHI "S[9A] SUTWEBOUOW
JO JusWRINSLIW pg-JTdH

' 10308
Jursesa1 urydo13001100
pue ‘eI LH-S ‘9SelAX0IpAY
‘ueydoydAny ‘uruojorss :DHI

-9goxd uoneAylow
1eqo18 pue sojdures YNA
‘unoe-q
pue 9/qLIdWOH ‘SYnjou
‘TINDOW ‘S6-ASd ‘ATIN
‘BZ¥N ‘T¥N :10]q UINSIM
"S9)IS
oyeldn [ H-S 10J Aesse
Surpuiq puesiorpey
"sourure oruagorq
pue durureouowr ;D IdH

"9sea[a1 snoauejuods Jo
juswaInseaw :Juteqe] LH-S

SaInseawl awodInQ

aimsodxa TYSS oJ1] A[1€0 Surmoroy erepSAure o) 10/pue DJd Y} UI uonjeId)e SureSnsaAul SaIpnIs Jo [qe) MIIAIIAQ

T¢-SId

vi-8d

L—vd

€ 1d

S1d-1d

d—0d

1¢d-01D

1¢d-LD

1¢d-0D

Y1d-0D

0ZO-€1D
8d-vd

0ZO-01D

(44| ]

ainsodx» Jo awir],

83/8w ¢
XTd

8y/3w oz
X1

83/8w ¢
Wep 03 X'Td

8y/3uw 01
SWEp 0} LI
Sy/8w g
SWwep 0} X'Td

8y/3uw 01
swep 03 X4

3y/3w 01
swrep 0} X'Td
83/8w ¢

swep
0} SUIpIWIZ

(&ep/) 4SS

d/N

d/N

d/N

p'ETN

ey

syey

sjey

sjeyq

sjey

sjey

s1ey

s1ey

Apn3s
JoadAy

(€102) 'Te 19 Yo0g

(#102) ‘T8 39 0

(8100) Te 3@
[PuuRH

(9100) T 32
Ieyoz

(¥100) T 32
T[0jjoL,

(61027) TE 19
PIeI[TN

(L66T) TE 19

BISA-BIdIQRD

(L86T) 19palig
pue WL

X33109 [EIUOIJII]

0UdIdYY

€HTdV.L



BAUDAT ET AL.

306—|—WI LEY EJN European Journal of Neuroscience FENS

(senunuo))

“juspuadap LYHS St
uonoafoid Hgqur 03 sydex
[esIOp ) JO UOTIBINJRIA

Dddu
3} UI AJTAOBIIOUN WY

LYAS pasearad

(ereWn) DAJW
ur AISuap [YHS paseardd

"€1d 78 DAd dY) Ul S[oAd]
ANQg paseaiou] “LH-S
JRIN[[20BIIXd Ul PISBaIOU]

"S[OAS] VNI W
PaseaIdap Ay} IqIyul
BZLH-S JO apexd0[g
"INOIABYSQ YI[-2AIssa1dop
pue f91xue Junse|
Suo[ 03 Surpesy ‘103dsoa1
oy arenSaIumop X1

4q eZ1H-S Jo UONE[NWINS

'S309JJ° ON
‘VYd 1o
VN UO 109JJ9 ON "9Td 18
wsijogelawr [ H-S paseardu]
arnsodxd 1D Suwmmor|oj
DAdw 33 ur K1susp
[[99 sUOINAUIdUI VIV
pue ‘va ‘I¥AS paonpay

s)msoy

‘iny-nue pue

LH-S-ue pue gqjes-nue

DHI ‘suondsford pigur 03

R[onu ayder sruoAIquid
JO saIm)[no-09 uade[[0d g

‘urejoid 1eaponu oygoads

uoImau pue LIS ‘YdL :DHI
"SISATeue TeIN}ONIISENN
pue £1An09UU0d

[eSSO[0D "Hd.L pue LYdS
:uoneoynuenb pue DHI

‘1L pue ANAd
gOdM ANdAY (VSITH

103da0a1
B[ pue 9 ‘e¢LH-S *¥Ddb-1¥
'S[[99 aanIsod
ursAydojdeuss pue uniod
9Iqnop 10} DHI "VVIH-S
‘LH-S ‘VAH DVdvd Vd
:Jo JuswaINSEaW pH-IJTH

'VVIH-S pue LH-S
‘Ovdod ‘YN VA :0dH

"L9dS ‘ydL :DHI

SAInseawr dWodINQ

T¢-S1d

v1-8d

L—vd

€-1d

0D

OX-194dS

Tcd-8d

T¢d-8d
0cd-L1d

¢ld-6d

Ted-cd

T¢d-1d

v1d-1d

01d-1d

ainsodxa Jo awr],

O2-1L94dS

(3/3w 51)
sururexdrwor)

(8y/8w 5) 11D

3y/3w §T-6

11D

8y/3wr GT-1
surureldisap

1054

83/8w 01
X1d

8y/8w g
wep 0} X'1d

8¥/8w o1

QuIwrexoAn[q

8/8w o1
LID

(&ep/) rdSss

d/N

d/W

d/N

d/N

d/N

d/N

p'ETN

12y URAMNIM
(9002)
ey ‘Te 39 Seroey
(T100) T8 30
1y uosdurig
(8002) 'Te 32
ey Yos1Zo3]
(¥102) Te 32
18y Ieyies
(9100) T8 3R
1’y |ElLtLeETS)
(¥100) 'Te 3
ey N>ON.EO
(S102) 'Te 32
ey noyz
Apnys OUDIY
Jo adAy,
(penunuo)) € ATAV L

(€100) Te 3R



W (senunuo))
syndur
pe J1319)ewRIN[D Ul 9FURYD
[ ON ‘Indino DIJu paIdy
] ‘'suoInau Jepruelfd
M ur seSuey TedrdojoydIion
SO
[eUOnjOWS JO UoHE[NPOW
umop-dol ay3 ur paA[oAUl
SUOINAU +YHAS-DAd
‘Surepowt 3o pue
ondeu4s ayenga1 dn 1o
uMmop X1 pue ‘suoInau
[eprurei&d or31oreurein|3d
ur passaidxa LYAS

"zydr pue
LLH-S 97 ‘ez ‘®[LH-S
JO S[9AS] TBI11I00 PaseaIdu]

EJ N European Journal of Neuroscience FENS

"S[OAJ]
anss1 J1319U0J0I13S PISEIAIIdT

‘paAjoAUr
uonempow dnauadidy
"Ddd 2y ul (ANadw
pue uorssaidxa auag)

[9A9] ANAY JO pasea1dad
“9J1 Inoy3noIyy
uorjeurioy aurds
PpaI1dy “Asuap ondeuds
9SBAIO3P pue DAJ oY}

UI [9A9] VAN PaseaIdaq

s)msoy

BAUDAT ET AL.

“durepo yoyed pue [[20

aroym :A3oforsAydonoarg
‘uress 13109

‘Surouanbas

-VNY pue Sunios

1120 "ASojorsAydoiose

durep yojed ‘qvo pue

LLOTOA $301q UISISIM

‘avo 10 TILATOA

:AydeiSouwo) Aeiry

"LMAS UONEBZIPLIQAY

n3Is uj "soo ‘zdxoq ‘Txny
pa¥sd ‘ddD ‘LH-S :DHI

‘uo1ssa1dxa 103dadax
UTU0j0Id3s pue 19j1odsuen)
uruojoIas 10§ YDJb-19

T¥dL
‘IHULI™U ‘UTUO0)OISS
‘DHI 'VVIH-S pue

IH-S ‘LID ureiq 1e3ef :D1dH
Al UOX3 ANAd
:uonejdoardounwwuy
VNd
pajelAyIsIN "INA4 301
WISISIM TeSA ‘L9PRD
‘thevgvo ‘T Jerd
‘qa1) ‘psedN ‘(A pue

AI ‘T u0x3) ANAY *¥4Ddb-Ly

"L1ddS pue
TrDAD ‘s6dsd ‘INDID
:10[q wIaIsom pue YDdb-1y

soanseowr swiooinQ IC-SId ¥$I-8d L¥Pd €-1d

Ted
—C1d ‘T11d
—2d ‘Ted-td

v1d—cd

Y1d-0D

LTD-8D

O-1LY4dS

O-LY¥4dS

0D

ainsodxa Jo awr],

8y/8w o1
X1

8y/8w o1
X1d

3y/8w 1
1d-1d

surep
03 LIS :1d-09D

/3w 09z
surep 03 11D

O-Ld4dS

O-LY¥4dS

(&ep/) rdSss

d/N

d/N

d/N

d/N

p'ETN

(¥102)
ASNON ‘Te 19 O[[2g9Y
o3
“LEES (6107) T 10
ASNOIAl A[1oy-ezios
(81027) TB 30
N ToAoIN
(6100) Te 3R
ASNON zanbseoA
(€100) 'Te 3
ey 9saiqere)
(6100) Te 3
1Ry OIALIg
Apnys OUDIY
Jo adAy,
(penunuo)) € ATAV L



BAUDAT ET AL.

MWI LEY EJN European Journal of Neuroscience FENS

(senunuo))

"S109JJ9 ON

‘S[ewITue pajear) X Ul
Kyisuap auids paseardoq
"I9qUINU PUE I3J9WEIP
‘q3u9r ‘Arxordurod

onIIpuap ur a3ueyd oN

‘pooinpe y3noIyy
¥1d woiy pajendarumop
dIe JoquINuU I9)ed1d
' pue ‘(urens ¥Y1q)
£d e parengdaidn a1e souad ¢
(oreWIa)
ur 9je[n3aidn ‘opewt
ur 10ssa13s SUIMOor|oJ
£y1anoe aremndar umop)
SINOIIO B[epSAUTEe 109V

"®LLH-S em3aidn [DSH

901 3J931
[®31q10 1ot1adns [ejUOI}
Ay ur £11An0aUU0d I9YSTH

*SSOUOTY}
[BO1)100 358109
"K}ISUSP JR[N[[20 3SBAIOU]

‘Jur[opowal [eInjoNINS

'ssaxs Surmor[oj o1e

Jo ssauaarsuodsal 1odAy
pue ‘DAd 9y} Ul dIe JoMoT

s)msoy

VAW 103daoar
T YD "UoneZIPLIQAY nyIs Uy

‘Gururess

X0D~1810D "ydL :DHI

pue Sunjo[q uIsom
"LH-S pUe VVIH-S :O'1dH

‘SISA[eue Aelre

OIOTW ‘UOTIRZIPLIqAY

Keire pue 3urfeqe] VNI

‘WINISS pue Urelq Ay} ul
S[9AS] VIV JO TUSUISSISSY

*10SSa1)s 19)Je (sog-nue) DHI

"BLLH-S
‘700 ‘TONIN ¥Dd-1¥

(a3 rennsuaunsod)

SYoaMm 6°01

e (T4 L.L) Sutdeun

S1[0qe)oW PUE [eUOLIouny

91e3s Surysal pue
[eINONIISOIOIU ‘[eIn}onns

-Surure)s ewIsAI ‘S[SSIN

‘unoe-g pue 897
01V {UONBZIPLIGAY NIIS U]
*S[9AJ] QUOIN)SOI0D BUWISBJ

SaJnseawr aWIodNINQ

1¢-S1d

v1-8d

L—vd

€-1d

OX-1LY4dS

¥d-0d

1¢d-0D

1¢d-0D

1d-0D

[eyeuaig

OX-194dS

O-LY4dS
0D

ainsodxa Jo awr],

O-1LY4dS

8y/8uw oz
X1d

8y/8w 01
swep 01 gvd

8y/8wm ¢
swrep 03 X1d
8y/8w zT1
swep 03 [DSH

LID
‘1ds¥vd X114

O2-1L94dS

OX-LY4S

(&ep/) raSS

(S100) TR 3R

N 1Ry eusig
A g (¥102) 1€ 39 03
(S102) 'Te 32
W 1’y I9A0[D)
(€102) Te 32
d/N 18 BINRAIQ-SDOURI]
(S102) e 32
d ey yoryg
erepSAury
(6100) 'Te 3
d/W TedtuI) IABYO-WR)0Y
(L002) Te 32
A/N ASNON rINWEY
(6007) 'Te 30
qd 9SNON JUEN [\
p'EIN Apnys OUIIYIY
JoadAL
(ponunuo)) € ATAV.L



309

WILEY

EJ N European Journal of Neuroscience FENS

BAUDAT ET AL.

'89¢ duo[d urjoid

Surpuiq 1o8uy ouiz :89z-y17 oseyjuis ueydoidAn :dij, ‘osejAxoapAy ueydoydAn :ydy, ourrenias ;LS N0 Joouy-19)1odsuer; Uruojords :0N-LYds £-undes (L 1dAS ‘g urejoid Surpuig-uniofed 001S :go0 TS ‘uonoeax
ureyo aserowA[od aaneinuenb swn-1ear Dby fuonoear ureyd sserowdjod aw-[ear YD JM 56 urjoid Ksusp ondeussisod :56-qSd ‘uonoear ureyod aserowAiod YD ‘Aep rereuwssod g ‘qg 103deoar ajewrein3
Q7N ‘eg 103deda1 ojewrein(3 :eyYN ‘T J03dooa1 orewreinis (TN ‘I911odsuenod [D-J-eN TOMN ‘S ordonoqelowr ‘103desar orewreinis :gyniow ‘1 dsrdorjoqelow 103dooar ajewreIn(s :TYN[OW D[N (A ‘¢ 19)10dsuesod
1D-93 1799 ‘AT)STWISYO0ISIYOUNTWI :HD]T ‘U0NIIP [BIIUIAY01309]9 yim AtydeaSorewroryd pmbiy soueurtoyrad-ysiy :pg-0dTH (Aydeidoyewrorys pmbi soururiojad-ysiy :DJTH 103daoa1 sp1od111009n[3

g0 ‘urejoxd jusosaronyy uasis ;g 10 ‘Aep [euoneisas o ‘gd urejoid xoq peaysioy :zdxo,] ‘dunexonyy :X 1. ‘oreway ;. ‘wrerdoferosa ;[DSH Aesse JUaqIOSOUNUIWI PIYUI[-QWAZUD 1YSTTH ‘duoseyiowexap :Xq( dururedop

'y ‘T x0qoawoy aI[ Ino :Txn) ‘wreidorein :L1) Sojowoy i urejoid [0IIUOD UOISIAIP [[39 :7HD D 103do0aI YT UIU0j0I3s (e[ LH-S PIoe O1190BA[OPUIAXOIPAY-S YVIH-S ‘durdezerpozuaq :ZNg ‘1030eJ orqdorjoinau
PpaALIap-uTeIq L INJM ‘UNoe-e1aq (Uunoe-q {urejoid pajeroosse-uoja[eysolfd parensar-Aianoe :01v (ON-IMAS ‘Ted 03 STd pue +1d 01 84 ‘Zd 03 +d ‘€d 0} 1d ‘uonensrurwpe [ejeurad ‘uonensurupe Jeyeusrd) samsodxs
TASS Jo Wi, (7) {(I9Y)0 ‘Osnour ‘sjer) pasn [opoul [ewue (T) eLI) LI SUIMOT[0] 1) 0) SUIpI0doe Ae[dSIp S1€ SIIPN)S "IJUNOIUS dIIM SITPNIS [BITUI[D OM], *90TUI JO S}el U0 pauIofrad a1om Sarpn)s [edrur[oaid JSO| 970N

“B[NSUI
1311 2y} 03 £)1A1IOSUU0D
pue ‘QunjoA 1syew A213
erep3Aure Jy3u1 :pasearou]
‘erepSAuwre
Ay} ul A1ano9uu0dIdAH
‘Suryoueiq
onIpusp pue auids
asearour ue moys O LIAS

‘uorssaIdxa NS ON

s)msoy

TN
UOISNIIP PUE [RINJONIS
I0J IoUULdS TN
7], "uoissaxdop [eUIIBA
‘wsiydrowAjod LILH-S
‘SISA[eu®
[es13ojoydiowr pue A30103SIH

‘Anyowoydioly x0D-13[0D

TeSX yim :£30103STH

SAJanseauwr dWIodINQ

T1¢-S1d

Tereuaig

O2-1Y4dS

O-LY94dS

O-LY94dS
vI-8d LVd € 1Id <C-0D

dansodx»s jo swir],

O2-1LY4dS

OX-LY4S

O2-1L94dS

(&ep/) 4SS

d/N

d/N

XaS

Teorur)

ISNOW

ISNON

ISNON

Apnys
Jo adAy,

(8102) T8 30
se[epue)-03ng

(L007) Te 1
URWI[OM

(1107) TR 3
JOZIDIN

(8007) 'Te 3
QUWIQN-XNOQIeN

AIUBIJIY

(penunuo)) € ATAV.L



BAUDAT ET AL.

| wiLey

expression of fundamental markers of the glutamatergic
synapses. For instance, SERT-KO animals presented
decreased mRNA and protein levels of Sept7 and CDC42,
two transcriptional markers involved in axonal and den-
dritic development of the glutamatergic fibers (Brivio
et al., 2019). In summary, decreased Sept7, CDC 42 and
PSD-95 levels after early-life SSRI exposure indicate
altered maturation of glutamatergic circuit in the PFC
(Brivio et al., 2019). Other transcriptional factors and pro-
teins (Creb, Arc, Zif-268) involved in activity-dependent
remodelling were also shown to be downregulated in
PFC of SERT-KO animals (Calabrese et al., 2010; Molteni
et al., 2009).

Maturation of the PFC and amygdala after early-life
SSRI exposure are also regulated by neurotrophic factors
like BDNF (Liu et al., 2017). BDNF expression was
increased following administration of SSRI in the second
postnatal week of the rat while the BDNF tropomyosin-
related kinase B receptor (trkB) expression was not
affected by perinatal SSRI exposure, suggesting no alter-
ation of the intracellular BDNF cascade (Kozisek
et al., 2008). Contrary to wild-type mice exposed to SSRIs
perinatally, studies provided evidence that SERT-
KO-mice present diminished BDNF mRNA isoform
expression, but not its protein levels (Calabrese
et al., 2010, 2013). It is not completely clear how BDNF
transcriptional pathways are affected by early-life SSRI
exposure, but the alteration in the BDNF system
following perinatal changes in the SERT system may par-
ticipate in the observed amygdala and the PFC intra-
hyperconnectivity (Calabrese et al., 2013; Pezawas
et al., 2008). Research on the effects of early-life SSRI
exposure on transcriptional and neurotrophic factors is
limited to the PFC, and future research should include
changes and effects in the amygdala.

As a result of affected serotonin levels, transcriptional
factors and BDNF levels within the PFC and amygdala,
the maturation of neurons, dendrites and synapses in
these brain areas are increased upon perinatal SSRI expo-
sure (Altamura et al.,, 2007; Ko et al.,, 2014; Nietzer
et al., 2011; Rotem-Kohavi et al., 2019; Velasquez
et al., 2019; Wellman et al., 2007; Witteveen et al., 2013).
Preclinical studies show that perinatal exposure to SSRI
increases dendritic complexity in the PFC (Altamura
et al, 2007; Ko et al., 2014; Velasquez et al., 2019;
Witteveen et al., 2013). For instance, diminished seroto-
nergic availability induced by prenatal SSRI exposure
altered cortical cell proliferation and/or survival, as dem-
onstrated by a rise in cortical cells in the PFC without
affecting cell proportion (Velasquez et al., 2019). Further-
more, SERT-KO mice have shown to present increased
fascicle numbers and length as well as heightened inner-
vation and longer fibre in the PFC (Altamura et al., 2007;

Witteveen et al.,, 2013). Clinical data also showed a
reinforced connectivity in the frontal superior orbital cor-
tex, a region of the PFC, in children exposed to SSRI
around birth (Rotem-Kohavi et al., 2019). Similarly,
perinatal SSRI exposure led to strengthened dendritic
complexity in the amygdala and eventually to hyper-
connectivity (Nietzer et al., 2011; Wellman et al., 2007).
Contradictory results were reported with decreased spine
density, number of nodes and intersection in the PFC
and the amygdala adult animal following postnatal SSRI
treatment (Ko et al., 2014; Rebello et al., 2014). Neverthe-
less, the hyperconnectivity observed in rodent’s
basolateral amygdala (BLA) is in line with a clinical
study reporting an enlargement in grey matter in the
amygdala of newborns exposed to SSRI during pregnancy
(Lugo-Candelas et al., 2018). It should be noted that these
clinical findings were contradicted by no change in
amygdala connectivity in infants exposed to prenatal
SSRI (Rotem-Kohavi et al., 2019).

4.3 | Early-life SSRI exposure influences
the PFC modulation of pain via GABAergic
interneurons

Exposure to SSRIs in early-life induces effects on PFC
that are not solely limited to the serotonergic system but
also affects the glutamatergic and GABAergic networks
(Brivio et al., 2019; Calabrese et al., 2013; Millard
et al., 2019; Zhou et al., 2015). Indeed, perinatal SSRI
exposure has been shown to diminish both glutamatergic
and GABAergic receptor expression in the PFC and simi-
lar finding were encountered in the SERT-KO animals
(Brivio et al., 2019; Calabrese et al., 2013; Millard
et al, 2019; Zhou et al, 2015). More importantly,
administration of SSRIs during the first postnatal week
reduced the immunoreactivity of Ca*"-binding protein
parvalbumin (PVA) in the GABAergic interneuron in late
adulthood, implying that early-life SSRI exposure down-
regulates both glutamatergic and GABAergic networks in
the PFC (Zhou et al., 2015). In this context, it is to be
noted that PVA-immunoreactive GABAergic interneu-
rons are involved in the top-down modulation of
nociception by the PFC and the amygdala (Huang
et al., 2019). In a pronociceptive manner, the BLA
projects to both pyramidal neurons and PVA-
immunoreactive GABAergic interneurons, which also
form mono-synapses with pyramidal neurons (Huang
et al., 2019). The ablation of amygdala inputs to the pyra-
midal neurons via the PVA-immunoreactive GABAergic
interneurons and mono-synaptic projection weakens the
feedforward inhibition of pyramidal neurons, in turn
strengthening PFC projections to the ventrolateral PAG
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(vVIPAG) (Huang et al., 2019). A similar situation
may be expected upon decreased presence of PVA-
immunoreactive GABAergic interneurons following post-
natal SSRI exposure, where glutamatergic input from the
BLA contributes to the inhibition of pyramidal neurons.
The infralimbic and the prelimbic region of the PFC
respond with decreased and increased frequency to a
general stimulus, respectively, in mice treated with post-
natal SSRIs compared with mice treated with vehicle,
which can also contribute to a disrupted balance in the
mPFC output (Rebello et al., 2014). Altogether, the
strengthened input to the vIPAG results in an enhanced

descending modulation of the incoming nociceptive sig-
nals in the spinal cord (Huang et al., 2019).

Over all, although the amygdala is hyperconnected,
its input to the PFC remains limited due to diminished
presence of PVA-GABAergic interneurons (Zhou
et al., 2015). On the other hand, PFC hyperconnectivity
strengthens inputs to the PAG, eventually providing anti-
nociceptive serotonergic and adrenergic modulation in
the spinal cord (Huang et al., 2019). Upon acute stress,
hyperexpression of the transcriptional factors Arc and
Zif-268 suggests enhanced activation of PFC networks
and thereby an increased antinociceptive modulation of

noradrenergic  and serotonergic antinociceptive the PFC (Molteni et al., 2009) (Figure 1).
(a)
G|0 P21
Serotonin dependent
anti-nociception
to spinal cord
(b) :
| - e
SSRI

FIGURE 1

Serotonin dependent
anti-nociception

to spinal cord

Schematic representation of the role of the PFC and amygdala roles on nociceptive processing in normal animals (a) and

after early-life SSRI exposure (b). (a) In normal condition, PVA interneurons connect the amygdala to the PFC, and with reciprocal

connection form an important part of the nociceptive network in the adult rat. The PVA interneurons inhibit the pyramidal neurons of the

PFC, which in turn, via the periaqueductal grey, results in a reduced serotonin-dependent antinociceptive modulation of the spinal cord pain

gate. (b) Upon early life SSRI exposure, adult animals present (1) epigenetic alteration of genes involved in cytoskeleton maturation and

synaptic development, affected neurotrophic factors and serotonin levels in the PFC, (2) intra-hyperconnectivity in the amygdala and the
PFC, and (3) a diminished PVA interneurons reactivity leading to disinhibition of the PFC by the amygdala. Reduced PFC feedforward
inhibition is the results of disrupted inhibitory and excitatory balance in the PVA interneurons, the monosynaptic connection of the BLA

with the pyramidal neurons, and other inputs into the pyramidal neurons. (4) Consequently, PFC outputs to the spinal cord via PAG are

strengthened, resulting in enhanced serotonin-dependent antinociceptive input. Amy.: amygdala; BLA: basolateral amygdala; BLA-PFC:

network of neurons including (1) output of the BLA into PVA interneurons and pyramidal neurons, (2) input into pyramidal neurons from

other cortical areas and (3) pyramidal neurons; NF: neurotrophic factors PAG: periaqueductal grey; PFC: prefrontal cortex; PVA:

parvalbumin GABAergic; SSRI: selective serotonin reuptake inhibitors
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In conclusion, early-life SSRI exposure affects
serotonin levels, transcription factors and BDNF
levels throughout the development, resulting in hyper-
connectivity of the PFC and the amygdala. This hyper-
connectivity strengthens the disinhibition of the PFC
following the reduced presence of PVA-GABAergic
interneurons and thereby enhances the antinociceptive
modulation of the PFC on the spinal cord.

5 | PERSPECTIVES AND
CONCLUSIONS

While untreated maternal depression has been shown
to increase the risk of fetal growth disorder, miscar-
riage, and complications during delivery, growing evi-
dence suggests that exposure to SSRI around birth has
long lasting consequences on pain as well as its affec-
tive comorbidities (Schaffir, 2018). As of today, no clini-
cal study reported on the long-term effects of perinatal
SSRI exposure on pain past a few months of age. The
serotonin system is highly conserved across species and
therefore, the alterations observed in rodents’ studies
could give pertinent insights into the neurodevelopment
of children following early-life SSRI exposure
(Bacqué-Cazenave et al., 2020; Gingrich et al., 2017).
The data gathered in this perspective paper provide
important evidence to understand the effects of early-
life SSRI exposure on pain in later life and may act as
a guide for future treatment of this vulnerable patient
population.

This review has concentrated on the role of the PFC
and amygdala in the long-term effects of perinatal SSRI
exposure. Results are limited by the inconsistent use of
males and females, thereby restricting conclusions
regarding sex effects and the variability in dosage and
type of SSRI. Based on the evidence reviewed, four con-
clusions can be drawn: Early-life SSRI exposure has long-
term effects on nociception, which needs to be more con-
sistently studied. Second, heightened depressive-like
behaviour and decreased exploratory behaviour in rodent
emerge following exposure to SSRI in early-life. Third,
intra-hyperconnectivity of the amygdala and the PFC
results from altered serotonin levels, transcription factors
expression and BDNF levels following perinatal SSRI
exposure. Finally, the alteration of GABAergic system
resulting from exposure to SSRI in early life induces anti-
nociceptive input from the PFC and the amygdala to the
spinal cord in later life.

There is still much to understand on the conse-
quences of early-life SSRI exposure on pain processing.
Considering the pivotal role of the amygdala and its

connectivity with PFC in nociception, chronic pain,
major depression and anxiety disorder, future research
should clarify the role of the amygdala in SSRI medi-
ated long-term consequences. Likewise, most studies
have investigated the PFC and amygdala as separate
entities, while it is of equal importance to move beyond
their separate effects and focus upon their connectivity
related to the SSRI mediated effects. Regarding the
intra-hyperconnectivity of the amygdala and the PFC, it
would be interesting and relevant to examine the
nature of the hyperconnected fibers. Although the PFC
and the amygdala play a pivotal role in the nociceptive
consequence of early life SSRI, other players such as
the thalamocortical circuits and the spinal cord, which
both are known to be involved in the modulation of
pain, may be affected by serotonergic transmission or
early life SSRI exposure (de Kort et al, 2021;
Lee, 2009).
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