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Somato-Dendritic Regulation of
Raphe Serotonin Neurons; A Key to
Antidepressant Action

Emily Quentin’23, Arnauld Belmer'23t and Luc Maroteaux'23*

T INSERM UMR-S 839, Institut du Fer a Moulin, Paris, France, ? Sorbonne Universités, UPMC University Paris 6, Paris,
France, ° Institut du Fer & Moulin, Paris, France

Several lines of evidence implicate serotonin (5-hydroxytryptamine, 5-HT)in regulating
personality traits and mood control. Serotonergic neurons are classically thought to
be tonic regular-firing, “clock-like” neurons. Neurotransmission by serotonin is tightly
regulated by the serotonin transporter (SERT) and by autoreceptors (serotonin receptors
expressed by serotonin neurons) through negative feedback inhibition at the cell bodies
and dendrites (5-HT1a receptors) of the dorsal raphe nuclei or at the axon terminals
(5-HT45 receptors). In dorsal raphe neurons, the release of serotonin from vesicles in
the soma, dendrites, and/or axonal varicosities is independent of classical synapses
and can be induced by neuron depolarization, by the stimulation of L-type calcium
channels, by activation of glutamatergic receptors, and/or by activation of 5-HT»
receptors. The resulting serotonin release displays a slow kinetic and a large diffusion.
This process called volume transmission may ultimately affect the rate of discharge
of serotonergic neurons, and their tonic activity. The therapeutic effects induced
by serotonin-selective reuptake inhibitor (SSRI) antidepressants are initially triggered
by blocking SERT but rely on consequences of chronic exposure, i.e., a selective
desensitization of somatodendritic 5-HT 1 autoreceptors. Agonist stimulation of 5-HTog
receptors mimicked behavioral and neurogenic SSRI actions, and increased extracellular
serotonin in dorsal raphe. By contrast, a lack of effects of SSRIs was observed in the
absence of 5-HTog receptors (knockout-KO), even restricted to serotonergic neurons
(Htrobb5—HTKO mice). The absence of 5-HTog receptors in serotonergic neurons is
associated with a higher 5-HT4a-autoreceptor reactivity and thus a lower firing activity
of these neurons. In agreement, mice with overexpression of 5-HT1 4 autoreceptor show
decreased neuronal activity and increased depression-like behavior that is resistant to
SSRI treatment. We propose thus that the serotonergic tone results from the opposite
control exerted by somatodendritic (Gi-coupled) 5-HT¢a and (Gg-coupled) 5-HTog
receptors on dorsal raphe neurons. Therefore, 5-HTog receptors may contribute to
SSRiI therapeutic effects by their positive regulation of adult raphe serotonergic neurons.
Deciphering the molecular mechanism controlling extrasynaptic release of serotonin,
and how autoreceptors interact in regulating the tonic activity of serotonergic neurons,
is critical to fully understand the therapeutic effect of SSRils.

Keywords: serotonin receptors, somatodendritic release, volume transmission, antidepressants, autoreceptors
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INTRODUCTION

In any given year, nearly 40% of the population in European
countries is affected, directly or indirectly, by mental illness (Insel
and Sahakian, 2012). Mental illness or psychiatric diseases are
heterogeneous pathologies and much effort remains necessary
to improve diagnosis and therapies. For example, 30-40% of
patients with major depression do not respond to current
treatments, which suggests that ontogeny of the disease may
vary among individuals, and that novel pathways and therapeutic
targets have to be identified. Serotonin (5-hydroxytryptamine,
5-HT) is implicated in the processing of perception, emotion,
and cognitions and has been involved in various psychiatric
disorders (Krishnan and Nestler, 2008). Several lines of evidence
implicate serotonin in regulating personality traits and mood
control. Indeed, serotonin has also been implicated in the etiology
of several mood disorders, including autism spectrum disorders
(ASD), major depressive disorder (MDD), schizophrenia or
bipolar disorder (BD) (Vadodaria et al.,, 2018). Accordingly, a
growing interest in understanding the molecular and cellular
effect of many therapeutic compounds has emerged: serotonin
transporter (SERT) is the main target of serotonin selective
reuptake inhibitor (SSRI) antidepressants, and 5-HT, receptors
are targets of atypical antipsychotics.

Variations in serotonin levels may affect mood and motivation
but functions of endogenous serotonin remain controversial. It
has been recently suggested that serotonin enables organisms
to adapt to dynamic environments by controlling neuronal
plasticity and behavior (Matias et al., 2017). Therefore, the
clinical benefits of improving serotonin function would stem
from facilitating adaptive changes to negative affects rather
than positively modulating the emotional states (Branchi, 2011).
Serotonergic neurons are classically thought to display regular
tonic firing, or “clock-like;” neurons (Jacobs and Azmitia, 1992),
whereas phasic firing in bursts is associated with specific
behaviors. Phasic and tonic firing of serotonergic neurons have
also been proposed to have opposite functions. However, the
respective contribution of serotonergic mode of firing to behavior
remains unclear. Tonic firing of serotonin neuron population
activity seems related to the extra-synaptic tonic serotonin levels
and burst firing to the rapid, high-amplitude, and intra-synaptic
phasic serotonin release.

However, how the positive modulation of serotonin tone
translates into raised mood or decreased anxiety is not
yet understood and the precise relationship between certain
behaviors and brain serotonin levels remains unclear. For
instance, anxiolysis as a result of reducing brain serotonin is well
established, suggesting that serotonin increases anxiety. However,
anxiety is often paired with depression, which is classically
associated with low serotonin levels (Jennings et al., 2010). Also,
SSRIs are effective in treating both disorders, but only in a
fraction of patients. Therefore, the precise relationship between
serotonin levels and behavior is still to be established. Studies
to date have not provided a sufficiently detailed understanding
of how tonic serotonin neuron activity can be related to
serotonin levels. In this review, we will summarize the known
molecular mechanisms controlling tonic release of serotonin, in

which autoreceptors (serotonin receptors expressed by serotonin
neurons) and SERT participate in regulating the excitability of
serotonergic neurons. An understanding of the detailed dynamics
of serotonin dendritic release might clarify how serotonin
governs behavior, which is critical to fully understand the
therapeutic effect of SSRIs.

THE TWO MODES OF MONOAMINE AND
SEROTONIN TRANSMISSION

In the brain, neuronal communication is mediated by two major
modes of chemical transmission. In the presynaptic terminal,
neurotransmitters are released rapidly and locally, and signal
to post-synaptic partners for synaptic transmission. In “non-
synaptic” transmission, by contrast, neuromodulators diffuse
over a large area to stimulate surrounding cells including
glial cells (Agnati et al., 1995). In fast neurotransmission, the
active zone, which is formed by defined and ordered protein
network and docks synaptic vesicles, releases neurotransmitters
in millisecond timing. By enhancing their release probability,
this neurotransmission allows ordered vesicles to fuse in front
of post-synaptic neurotransmitter receptors (Siidhof, 2012). The
non-synaptic mode of transmission does not take place between
two pre- and post-synaptic elements as described above, and
neuromodulators are released in a pseudo-open space. Thus,
non-synaptic transmission is defined as “volume transmission”
(Agnati et al.,, 1995; Zoli et al, 1999) and lasts for seconds.
Precise organization of secretion is not necessary for volume
transmission. This signal, which is slow and diffuses in a space
larger than the synaptic cleft, involves a low concentration of
neurotransmitters.

Monoamine (including serotonin) release has been subdivided
into tonic and phasic modes. Tonic release controls the large
variation in extracellular monoamine through basal and non-
synchronous firing of neurons; by contrast, in phasic release,
synchronized burst firing results in a fast, large, and transient
neuromodulator increase (Grace, 2016). These neurochemical
findings correspond to different neuronal activities. For example,
the tonic activity of serotonin neurons can be related to extra-
synaptic serotonin-containing vesicle release; the burst firing can
be related to the rapid, high-amplitude, intra-synaptic phasic
serotonin-containing vesicle release. Tonic firing is characterized
by low frequency (0.1-3 Hz), and is classically defined as having
clock-like, pace-maker regularity. Phasic firing characterized with
burst of higher firing rates (up to 17 Hz) has indeed been
reported in serotonin neurons (Allers and Sharp, 2003; Kocsis
et al., 2006; Hajos et al., 2007). The precise control of neuronal
activity that differentiates these two modes of release is not yet
well understood.

The existence of serotonin volume transmission has
been supported by several observations, (1) the distribution
of serotonergic receptors and transporter not facing post-
synaptic densities suggests that they detect serotonin released
extrasynaptically (Ridet et al, 1994; Bunin and Wightman,
1999); this is notably the case for the 5-HT; receptor, which
is known to play an autoreceptor function in the dorsal raphe
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(Kia et al., 1996; Riad et al., 2000); (2) serotonin- and vesicular
transporter (VMAT?2)-positive vesicles are found not only in
axonal varicosities, but also in the soma and dendrites; these
VMAT2-positive vesicles are located independently of post-
synaptic elements (Chazal and Ralston, 1987; Descarries and
Mechawar, 2000), suggesting that non-synaptic vesicular storage
and release can also occur in the somatodendritic compartment;
(3) finally, it has been shown that similar amount of serotonin
can be found at the somatic or dendritic level compared to
axonal terminals (Bruns et al., 2000; Kaushalya et al., 2008b);
in addition, extracellular concentrations of serotonin can
increase in response to single stimulation pulses (Bunin and
Wightman, 1999). Extrasynaptic release mechanisms likely occur
by regulated exocytosis of vesicles (Trueta and De-Miguel, 2012)
leading a widespread release in the extracellular space.

In axons, serotonin can be released from presynaptic
terminals, but also from extra-synaptic sites (varicosities). In
axonal varicosities, in dendrites and in soma, serotonin is released
via volume transmission. The tonic activity of serotonin neurons
being related to extra-synaptic serotonin release is likely to use
volume transmission. However, the vesicular release machinery
for this mode of transmission may be different from that used for
synaptic transmission.

VESICULAR COMPLEXES INVOLVED IN
SEROTONIN RELEASE BY VOLUME
TRANSMISSION

Members of the family of soluble N-ethylmaleimide-sensitive
fusion protein-attachment protein receptors (SNAREs) are
involved in intracellular vesicular trafficking. The association of
SNARE proteins expressed by interacting membranes triggers
exocytosis by forming complexes through four coiled-coil
SNARE motifs (Jahn and Scheller, 2006). Evoked synaptic vesicle
release needs the canonical SNARE proteins, including the
vesicle-associated SNAREs (v-SNAREs) synaptobrevin 2 that
interacts with target membrane SNAREs (t-SNAREs) syntaxin 1
and SNAP-25 that are required for vesicle fusion (Figure 1 and
Table 1).

Volume transmission likely involves a particular vesicular
machinery. Vesicular transporters traffic to synaptic vesicles
as well as large dense core vesicles (Fei et al, 2008). It
has been shown that, in transfected neurons, VMAT-2 is
spontaneously targeted to the regulated secretory pathway and
is sufficient to drive regulated exocytotic release of monoamine
(Li et al., 2005). In midbrain, it has been recently reported
that axons of dopamine neurons contain non-synaptic release
sites (varicosities) that are required for action potential-
triggered dopamine release in 30% of dopamine vesicle clusters,
leading to the conclusion that a large proportion dopamine
varicosities release dopamine independently of action potentials
and thus use a different exocytotic release machinery (Liu et al.,
2018).

If synaptic transmission mechanisms are well described,
volume transmission mechanisms remain to be precisely
investigated. Vesicles exocytosis might use similar machinery

to the evoked transmitter-release exocytosis of neurons and
neurosecretory cells. Regulated release likely uses the non-
canonical SNARE proteins, present in serotonergic neurons
(Okaty et al.,, 2015) and listed in Table 1 including VAMP4,
VAMP7 (Raingo et al., 2012; Bal et al.,, 2013), Vtila or Vtilb
(Kunwar et al., 2011; Ramirez et al., 2012), see for reviews (Burré,
2007; Ramirez and Kavalali, 2012). Whether volume transmission
uses a mechanism more closely related to regulated vesicular
release rather than classical synaptic release has to be further
investigated.

TABLE 1 | Vesicles-associated molecules and mRNA expression in serotonergic
neurons.

Molecule Type  Expressionin 5-HT
NeuronsP
Vesicular SNAREs (v-SNAREs)5 R
Synaptobrevin 1/VAMP1 NC ++
Synaptobrevin 2/VAMP2 C 4+
Vamp3 NC +
Vamp4 NC ++
Vamp7 NC +
Viitla NC +
Vtiltb NC ++
Target membrane SNAREs (t-SNAREs)®-R
Syntaxin Stx1a C +
Stx1b C +++
Stx2 NC +
Stx3 NC +
Stx4a NC ++
Stx5a NC +
Stx6 NC +
Stx7 NC ++
Stx8 NC +
Stx12 NC +++
Stx16 NC ++
Stx17 NC +
Stx18 NC +
SNAP-25 C +++++
SNAP-29 NC +
Calcium sensorsB-FR
Synaptotagmin Syt1 ++++
Syt2 +
Syt3 +
Syt 4+
Syt ++
Syt6 +
Syt7 +
Syt9 ++
Sytid o+
Syt12 +
Syt13 e
Syt16 +
Syt17 +

C, Canonical SNAREs; NC, non-canonical SNARES; data are from P(Okaty et al.,
2015), R(Ramirez and Kavalali, 2012), and B(Burré, 2007).
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FIGURE 1 | Vesicle release needs the SNARE proteins. v-SNARE proteins, synaptobrevins/VAMPs, Vtita/1b and t-SNARE proteins, syntaxins and
synaptosomal-associated proteins (SNAPs) mediate synaptic vesicles fusion to the plasma membrane with a contribution of calcium sensors, synaptotagmins.
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MODELS OF SOMATODENDRITIC
SEROTONIN RELEASE

The mechanisms of non-synaptic serotonin release are difficult
to study in physiological situations. Therefore, only few models
of non-synaptic serotonin release have been described. Serotonin
can be non-synaptically released at somatodendritic, pure
somatic and/or pure dendritic compartments, with different
control mechanisms (de Kock et al., 2006; Kaushalya et al., 2008a;
Colgan et al., 2009; Leon-Pinzon et al., 2014).

In Leeches

One of the best described model is the leech Retzius giant
serotonergic neurons, in which low electrical stimulation
(induced by a single action potential) causes the somatodendritic
release of serotonin as evaluated by amperometry (Bruns
et al., 2000). This release lasts several seconds following initial
stimulation (Trueta et al., 2003), allowing serotonin to spread to
several micrometers. The initial stimulation triggers the opening
of L-type calcium channels (Trueta et al., 2003), the release of
serotonin from few serotonin-containing vesicles, which then
via 5-HT,-receptor activation produces a Ca’* release from
intracellular calcium stocks amplifying the release of serotonin
from serotonin-containing vesicles (Trueta et al.,, 2004; Trueta
and De-Miguel, 2012; Leon-Pinzon et al., 2014). In summary,
somatodendritic release/exocytosis of serotonin occurs following
low electrical stimulation and opening the L-type calcium
channels. Ca?*-induced Ca®* release is reinforced by activation
of 5-HT, receptors, which, by their coupling to the PLC pathway,
amplify the serotonin release in a feed-forward manner (Leon-
Pinzon et al,, 2014; Figure 2). The resulting positive feedback

loop maintains exocytosis for the following several seconds until
the last vesicles in the cluster have fused (Trueta and De-Miguel,
2012; Leon-Pinzon et al., 2014). Taking into account the fact that
some serotonergic neurons are capable of releasing glutamate, the
co-release of this neuromodulator by simultaneous stimulation
of the 5-HT, receptors and NMDA receptors would induce a
stronger signal and thus a rapid and strong reinforcement of
serotonin transmission.

In Rats

At somatodendritic level of dorsal raphe neurons, the presence of
VMAT?2 allows the accumulation of serotonin in vesicles (Chazal
and Ralston, 1987). As shown by amperometry and 2-Photon
calcium imaging, the non-synaptic somatodendritic release of
serotonin-containing vesicles can be induced by the stimulation
of calcium channels, or by activation of glutamatergic NMDA
receptors in the absence of action potentials (de Kock et al.,
2006). Using 3-Photon microscopy in living rat brain slices along
with immunofluorescence and electron microscopy, vesicular
serotonin release from soma and dendrites in the dorsal raphe
was visualized for the first time (Kaushalya et al., 2008a; Colgan
et al., 2012). These authors clearly established that punctate
fluorescence does represent serotonin based on properties of
multiphoton wavelength excitation, its detection in microdialysis
serotonergic neurons, and its depletion upon exposure to
serotonin synthesis inhibitors. Moreover, the presence of clusters
of serotonin vesicles in dendrites was confirmed by (i) the
immunolocalization of VMAT2 and the dendritic marker MAP2
with serotonin, (i) the localization of VMAT2 vesicle clusters
by electron microscopy in dendrites of serotonergic neuron, (iii)
the size of dendritic serotonin/VMAT?2 clusters comparable to
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Gazs N Channel
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FIGURE 2 | Schematic representation of the potential role of 5-HT,g receptor in extrasynaptic release of serotonin. Left, in soma, the somatic release of serotonin
depends on AMPA and NMDA receptors, L-type calcium channels, and action potentials, 5-HT14 and potentially 5-HTog receptor via its coupling to PKC (Trueta

et al., 2003, 2004; de Kock et al., 2006; Colgan et al., 2012; Leon-Pinzon et al., 2014). Activation of 5-HT14 and 5-HTog receptors may decrease or increase the
membrane expression of NMDA receptors, respectively (Yuen et al., 2005, 2008). Right, the NMDA receptor-dependent dendritic release is controlled by L-type
calcium channels (Colgan et al., 2012), negatively by 5-HT1a and positively by 5-HT»g receptors at dendritic “puncta” independently of action potential (Colgan et al.,

L-type Ca?*
Channel

2012).

the size of dendritic puncta and larger than terminal boutons,
and (iv) the serotonin release from dendritic vesicles upon
electrical stimulation or exposure to glutamate agonists, which
requires extracellular Ca’?* and is blocked by the VMAT?2
inhibitors. In the soma of serotonergic neurons, calcium channel-
and NMDA receptor-activation by action potentials increases
serotonin release (Figure 2-left); in proximal dendrites, both
AMPA and NMDA receptor activation by back propagating
action potentials may facilitate serotonin release; in contrast to
standard release from axon terminals triggered by glutamate
receptors, dendritic release of serotonin is independent of action
potentials and requires L-type Ca?>* channels, but not sodium
channels (Colgan et al., 2012; Figure 2-right).

Thus, unlike synaptic dendritic release in other spiking
neurons, the dendritic release/exocytosis of serotonin is based
on dendritic glutamatergic excitation without requirement for
back-propagating action potentials, and is characterized by its
sensitivity to NMDA, L-type Ca** channel blocker nimodipine.
Furthermore, it was reported that upon electrical stimulation, the
serotonin releasable pool is 300 times lower in comparison with
dopamine despite comparable tissue content. Serotonin may be
stored in vesicles or other compartments that do not exocytose
consistent with a small quantity of serotonin available for release
(Hashemi et al., 2012; Jennings, 2013). Hence, dorsal raphe
dendrites release serotonin, and this function is physiologically
and pharmacologically unique, although the molecular effectors
and regulators of these dendritic non-synaptic events remain to
be described in details.

SEROTONIN TONE AND
SEROTONERGIC AUTORECEPTORS

5-HT1 Receptors
Neurotransmission by serotonin is tightly regulated by
autoreceptors through negative feedback inhibition at

somatodendritic levels (5-HT;5 receptors) of the raphe
nuclei or at axonal levels (5-HT;p receptors). The 5-HTa
autoreceptor is found in the soma and dendrites of serotonergic
neurons of raphe (Kia et al., 1996; Riad et al., 2000). In the raphe,
the 5-HT;s autoreceptor-mediated inhibition was for long
time believed to be the only homeostatic feedback mechanism
controlling the tonic firing rate, pacemaker-like, of serotonergic
neurons, mainly based on in vitro data, for review see (Pifieyro
and Blier, 1999; Vizi et al., 2010). However, accumulating
results are weakening the traditional model postulating that
serotonin neuron autoinhibition is mediated exclusively by
the hyperpolarizing 5-HT 5 autoreceptor and that is the main
factor controlling the pacemaker-like firing rate of serotonergic
neurons, for review see (Andrade et al., 2015).

At somatodendritic levels, a reduction of expression of
5-HT;a autoreceptors produces strong antidepressant effects,
probably due to a reduction of the negative feedback on
serotonergic neuron activity (Bortolozzi et al., 2012). Moreover,
the genetic suppression of 5-HTja autoreceptors causes an
anxiety-like behavior in the basal state, and a higher increase
in serotonin release compared to wild-type mice in response
to stress (Richardson-Jones et al., 2010). Deletion of either 5-
HTjs or 5-HT)p autoreceptors (somatodendritic and axonal,
respectively) does not modify brain serotonergic tone as assessed
by microdialysis (Guilloux et al., 2011). Moreover, while complete
deletion of both receptors in Htrla/1b=/~ mice affected the
acute response to SSRIs in the forced swim test, the chronic
effects of SSRIs were still observed in anxiety test (Guilloux
etal., 2011). In mice with overexpression of 5-HT| 5 autoreceptor,
hypothermic response is increased, and both serotonin content
and neuronal activity are decreased in the dorsal raphe.
These mice display increased anxiety- and depression-like
behaviors that are resistant to chronic antidepressant treatment
(Vahid-Ansari et al.,, 2017). In addition, blockade of 5-HTj,
autoreceptors in dorsal raphe brain slices was found to have
surprisingly no effect on the firing of the serotonergic neurons
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as reviewed in Liu et al. (2005). There is thus a discrepancy in 5-
HT}a receptors acting as a regulator of pace-maker homeostasis
of serotonergic neurons between in vivo and in vitro studies.
Other studies showed that serotonergic cell groups can
be interconnected, the dorsal raphe in particular receiving
serotonergic inputs from the caudal raphe (Bang et al., 2012),
which may implicate different types of serotonergic neurons. 5-
HT A receptors participate in serotonergic neurons with different
electrophysiological profiles, the inhibitory effect of 5-HTia
receptors being superior in dorsal raphe than in median raphe
neurons, suggesting greater negative feedback in the dorsal raphe
(Beck et al., 2004). Similarly, Teissier et al. (2015) identified
opposed consequences of dorsal vs. median raphe serotonergic
neuron inhibition, suggesting that median raphe hyperactivity
increases anxiety, whereas low dorsal over median raphe
serotonergic activity ratio increases depression-like behavior.
These observations suggest a heterogeneity of serotonergic
neurons, which are interconnected but not necessarily located in
the same serotonergic nucleus. It will thus be worth testing the
effect of altering volume transmission in various raphe nuclei.

5-HT, Receptors

On dorsal raphe slices, most serotonin neurons are
hyperpolarized following the opening of GIRK channels by
the application of a 5-HTj receptor agonist. In the presence
of 5-HTj-receptor antagonists, it has been reported that
serotonin induces a depolarization, which can be blocked by
different antagonists specific of Gq-coupled 5-HT, receptors
(Craven et al., 2001). In another study using rat brain slices,
the stimulation of 5-HT ;5 receptors also hyperpolarized most
serotonin neurons, and about half of these neurons show also a
depolarization in response to 5-HT receptor agonists (Marinelli
et al., 2004). These data suggest that 5-HT, receptors expressed
by subsets of serotonergic neurons could participate in serotonin
somatodendritic volume transmission. Local agonist stimulation
of 5-HTyp receptors in dorsal raphe increased extracellular
serotonin, supporting an excitatory effect of this receptor on
serotonergic neuron activity (Doly et al., 2008). Furthermore, a
fraction of raphe serotonergic neurons coexpress both 5-HT14
and 5-HTyp receptors (Diaz et al, 2012). These observations
confirmed that serotonergic neurons are heterogeneous by
expressing different serotonin receptors and that both 5-HT;a
and 5-HT, receptors could participate in serotonin tone
regulation.

Putative positive regulation of dorsal raphe by 5-HT;p
receptors has been proposed (McDevitt and Neumaier, 2011).
Strikingly, acute and long-term effects of SSRIs both in behavior
and neurogenesis were eliminated after genetic ablation of 5-
HT,p receptors or upon selective antagonist treatment (Diaz
et al,, 2012). Conversely, pharmacological experiments indicated
that acute agonist stimulation of 5-HT,p receptors mimicked
acute SSRI action (Diaz and Maroteaux, 2011) and that chronic
agonist stimulation of 5-HT,p receptors mimicked chronic SSRI
action on behavior and neurogenesis, which were abolished
in mice knocked-out (KO) for the 5-HT,p receptor gene
(Htr2b=/~) (Diaz et al, 2012). Accordingly, conditional KO

mice for 5-HT,p receptors only in serotonergic neurons (Htr2b-
cKO°~HT mice), reproduced the lack of SSRI effects; these mice
also displayed a reduced tonic firing frequency of dorsal raphe
serotonin neurons, and a stronger hypothermic effect of 5-HT 4 -
autoreceptor stimulation (Belmer et al., 2018). The increased
excitability of serotonergic neurons observed upon selective 5-
HT,p-receptor overexpression in raphe serotonergic neurons
confirmed the cell autonomous effect of this receptor. The excess
of inhibitory control exerted by 5-HTja receptors in Htr2b-
cKO°~HT mice may thus explain the lack of response to chronic
SSRI in these mice. Conversely, the raphe neurons from mice
expressing reduced amount of 5-HT 5 receptors (5-HT;5-Low)
are more likely to fire at higher rates than control mice, consistent
with decreased autoinhibition (Richardson-Jones et al., 2010). In
parallel, Philippe et al. (2018) showed that an increased 5-HT 4 -
autoreceptor binding and function led to reduced serotonergic
tone, increased anxiety-depression-like behaviors, and induced
mice to be resistant to chronic fluoxetine. A higher 5-HTx-
autoreceptor reactivity and a lower firing activity of these neurons
was observed in Htr2b-cKO ™ HT mice (Belmer et al, 2018).
Confirmation of these findings have been obtained in mice
expressing the activator Gq-coupled DREADDS hM3Dq (similar
to 5-HT,p receptor’s coupling) in serotonergic neurons, which
demonstrates, upon stimulation, an increase in serotonergic
neurons firing rates (Teissier et al., 2015) and an antidepressant-
like behavioral response (Urban et al., 2016). On the contrary,
mice expressing the inhibitory Gi-coupled DREADDS hM4Di
(similar to 5-HT; 4 receptor’s coupling) in serotonergic neurons
display, upon stimulation, a decrease in serotonin neuronal firing
rates (Teissier et al, 2015). The serotonergic tone may thus
result from the opposite control exerted by cross-regulation
between Gi-coupled 5-HT ;5 and Gg-coupled 5-HT,p receptors
on serotonergic neurons (Belmer and Maroteaux, 2018).

Interestingly, frog motor neurons showed potentiation of
NMDA-induced depolarization by serotonin. The underlying
mechanism involves: (1) activation of 5-HT,p receptors; (2)
activation of a Gq-protein; (3) a transduction mechanism causing
an influx of extracellular Ca>* through L-type calcium channels;
(4) binding of Ca?" to calmodulin; and (5) reduction of the open-
channel block of the NMDA receptor produced by physiological
concentration of Mg?™ ions (Holohean and Hackman, 2004).
Furthermore, Bigford et al. (2012), showed that either 5-
HT,p or 5-HT, ¢ receptor antiserum immunoprecipitated GluN1
subunit of NMDA receptors, suggesting that these receptor
subtypes are able to interact in complexes with NMDA receptors
and our unpublished data confirmed a 5-HT,g- and GluN1-
receptor association. Independently, the 5-HT,p receptor, which
is expressed in stomach and cardiomyocytes, has been reported
to act via L-type calcium channels in both tissues (Cox and
Cohen, 1996; Bai et al., 2010) and activation of 5-HT,p receptors
triggered also intracellular calcium release from ryanodine-
sensitive stores as shown in the leech somatodendritic release
of serotonin (Leon-Pinzon et al., 2014). Together, these data
indicate that somatodendritic release of serotonin is a model
in which 5-HT,p receptors could participate and regulate
the excitability of serotonergic neurons together with 5-HT s
receptors.
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The mechanism by which these two receptors interact remains
to be described as well as the associated partners and intracellular
pathways involved in the regulation of serotonergic tone at the
level of serotonin neurons themselves.

VOLUME TRANSMISSION, SERT, AND
SSRI ANTIDEPRESSANTS

The serotonin transporter SERT by regulating extracellular levels
of serotonin is a major partner in the regulation of serotonin
tone (Pifieyro and Blier, 1999; Vizi et al., 2010). Under normal
conditions, evoked extracellular serotonin concentration shows
strong firing frequency-dependence. Mice lacking SERT (KO
mice) or treated with SSRIs display extracellular serotonin
concentrations evoked by stimulation that tend to similar high
levels at all frequencies, while in SERT overexpressing mice,
evoked extracellular serotonin concentrations tend to equal low
levels (Jennings et al., 2010). These findings, therefore, indicate
that SERT plays a role of a frequency pass filter in regulating
extracellular serotonin concentrations evoked by stimulation.
The role of SERT in setting basal extracellular serotonin
concentrations and detailed contribution to serotonergic tonic
and volume transmission has yet to be investigated in vivo.

The therapeutic effects of SSRIs are initially triggered by
blocking SERT. Microdialysis experiments have shown that
acute SSRI injections increase extracellular levels of serotonin
by approximately 400% in the dorsal raphe and nearly
200% in forebrain terminal regions (Invernizzi et al, 1992,
1997). The SSRI-dependent increases in extracellular serotonin
concentration require Ca?t-dependent vesicular release, which
should induce somatodendritic 5-HT;5 autoreceptor-mediated
decreases in spontaneous release of serotonergic neurons
(Gartside et al., 1995; Hajos et al., 1995). Following SSRI injection,
although basal serotonergic firing rates should decrease, the
tonic activity increases extracellular serotonin levels (Dankoski
et al.,, 2016). Interestingly, local infusion in the dorsal raphe
of a 5-HT,p receptor agonist through the microdialysis probe
produced an increase in extracellular serotonin concentration
that could be blocked by 5-HT,p receptor antagonist (Doly
et al., 2008) and mimicked the SSRIs effects. These data support
a contribution of this receptor subtype in carrier-dependent
serotonin accumulation.

One mechanism by which SERT can contribute to the
enhancement of extracellular serotonin includes reversed
transport, i.e., by carrier-mediated efflux (Forrest et al., 2008;
Sitte and Freissmuth, 2015). The “club drug” 3,4-methylenedioxy
methamphetamine (MDMA, ecstasy) binds preferentially to and
reverses the activity of SERT, by causing release of serotonin
from vesicles. Acute pharmacological inhibition or genetic
ablation of 5-HTp receptors in KO mice completely abolished
MDMA-induced hyperlocomotion, sensitization, and serotonin
release. Furthermore, the 5-HT,p receptor dependence of
MDMA-stimulated release of endogenous serotonin relies on
its expression in serotonergic neurons as recently demonstrated
in mice lacking 5-HT,p receptors only in serotonergic neurons
(Htr2b-cKO>HT mice) (Belmer et al., 2018). These data support

also a contribution of this receptor subtype in carrier-dependent
serotonin efflux. Unlike serotonin release in soma or terminals,
dendritic serotonin release in response to AMPA or NMDA
receptor stimulation requires L-type Ca?* channels. AMPA-
evoked serotonin release measured with varying fluoxetine
concentrations showed that somatic serotonin release has
fivefold greater sensitivity to fluoxetine than responses from
dendritic puncta (Colgan et al,, 2012). Differences in SERT
regulation, localization and/or function may explain this
difference, since SERT immunoreactivity has been mainly found
at the plasma membrane in extrasynaptic location including
axonal varicosities, whereas in soma and dendrites it was mainly
observed intracellularly (Vizi et al., 2010; Belmer et al., 2017).

The therapeutic effects induced by SSRIs rely on long-term
neuroadaptations. Since the activation of 5-HT}, autoreceptor
decreases the activity of serotonin neurons (Commons, 2008),
more than 2 weeks of SSRI treatment are necessary to observe
a decreased expression of 5-HTjs receptors in serotonergic
neurons (Popa et al., 2010). This decrease in expression of 5-
HT;a receptors, which is followed by an increase in the firing of
serotonergic neurons, has been proposed to explain the clinical
delay of the antidepressant effect of SSRIs (Adell et al., 2002;
Santarelli et al., 2003; Richardson-Jones et al., 2010; Rainer et al.,
2012). In SERT KO mice, 5-HT 5 autoreceptors are desensitized
in raphe nuclei, while they remain intact in post-synaptic neurons
(Fabre et al., 2000). This desensitization of 5-HT; 5 autoreceptors
in the raphe is thought to be due to the chronic accumulation
of extracellular serotonin in the absence of uptake (Soiza-Reilly
etal., 2015). The lack of acute and chronic SSRI efficacy observed
in Htr2b-cKO>™HT mice is associated with a reduced tonic
firing frequency of dorsal raphe serotonin neurons, whereas the
selective 5-HT)p-receptor overexpression in raphe serotonergic
neurons increases the excitability of these neurons (Belmer et al.,
2018). Together with the observation that agonist stimulation of
5-HT,p receptors is sufficient to reproduce SSRI effects including
raphe serotonin accumulation, these results support that the
reduction in 5-HT)4 receptor activity drives the antidepressant
efficacy that may involve SERT regulation.

Colgan et al. (2012) proposed that the differential regulation
between somatic vs. dendritic serotonin release may explain
the antidepressant effects of inhibitors of NMDA receptors like
ketamine (Machado-Vieira et al., 2009; Casamassima et al.,
2010). Ketamine, has recently been shown to increase serotonin
in prefrontal cortex, which correlates with antidepressant-like
activity in the forced swimming test; its antidepressant-like
activity requires activation of raphe AMPA receptors that
recruits the prefrontal cortex neural circuit (Pham et al., 2017).
Furthermore, AMPA receptor-dependent serotonin release and
subsequent 5-HT s receptor stimulation may be involved in
the actions of an mGlu2/3 receptor antagonist and ketamine
in the NSF test (Fukumoto et al, 2014). However, it has
been reported that a direct activation of AMPA receptors
by ketamine metabolites and mTOR signaling is sufficient to
increase synaptogenesis in prefrontal cortical pyramidal neurons
and to enhance serotonergic neurotransmission via descending
inputs to the raphe nuclei or even by a direct inhibition of NMDA
receptors localized on GABAergic interneurons, for reviews see
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(Artigas et al., 2018; Zanos and Gould, 2018). It is therefore
unlikely that the rapid antidepressant effects of NMDA receptor
inhibitors act through a control of serotonergic tone, which
would require time to be efficient, but through a direct control
of upstream targets.

GENETIC VARIANTS OF MOLECULES
PUTATIVELY ASSOCIATED TO VOLUME
TRANSMISSION

Interestingly, human polymorphisms associated to psychiatric
diseases have been found in genes encoding molecules putatively
involved in somatodendritic release, including voltage-gated
L-type calcium channel subunit, 5-HT,p receptor, 5-HT ;s
receptor, VMAT-2, or SERT. Single-nucleotide polymorphisms
(SNPs) in the al subunit (CACNAIC) of the L-type calcium
channels Cavl.2 rank among the most consistent and replicable
genetics findings in psychiatry and have been associated
with schizophrenia, bipolar disorder and major depression
(Casamassima et al., 2010; Dedic et al., 2018) and more recently
with treatment resistant depression (Fabbri et al., 2018). In
humans, a loss-of-function SNP of 5-HTp receptors is associated
with serotonin-dependent phenotypes, including impulsivity and
suicidality (Bevilacqua et al., 2010). Association studies with
the functional 5-HT;a receptor promoter SNP rs6295 showed
that patients present early deficits in cognitive, fear and stress
reactivity that may lead to depression (Albert and Fiori, 2014).
A specific haplotype in SLC18A2, the gene encoding VMAT-2,
was significantly associated with depression symptoms in men
(Christiansen et al., 2007). Furthermore, a significant association
was found between post-traumatic stress disorder (diagnosis)
and SNPs in SLC18A2 (Solovieff et al., 2014). Carriers of the
short allele of the promoter polymorphism of SERT gene (5-
HTTPR) have increased anxiety-related traits and elevated risk
of depression (Pezawas et al, 2005). Evidence points to a
lower response to SSRIs among Caucasian patients with the 5-
HTTPR short genotype and among (Asian) patients with the
STin2 10/12 genotype (Smits et al., 2008). However, humans
carrying the short variant of the 5-HTTPR outperform subjects
carrying the long allele in an array of cognitive and social
tasks (Homberg and Lesch, 2011). So, one has to be careful
in interpreting data from human gene polymorphism, without
extensive characterization of their physiological consequences.
These human polymorphisms that are associated to psychiatric
diseases have then to be validated in models of serotonin
somatodendritic release.
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Despite significant advances in the understanding of the therapeutic activity of
antidepressant drugs, treatment-resistant depression is a public health issue prompting
research to identify new therapeutic strategies. Evidence strongly suggests that nutrition
might exert a significant impact on the onset, the duration and the severity of
major depression. Accordingly, preclinical and clinical investigations demonstrated the
beneficial effects of omega-3 fatty acids in anxiety and mood disorders. Although the
neurobiological substrates of its action remain poorly documented, basic research has
shown that omega-3 increases brain-derived neurotrophic factor (BDNF) levels in brain
regions associated with depression, as antidepressant drugs do. In contrast, low BDNF
levels and hippocampal atrophy were observed in animal models of depression. In
this context, the present study compared the effects of long-lasting fish oil-enriched
diet, an important source of omega-3 fatty acids, between heterozygous BDNF+/~
mice and their wild-type littermates. Our results demonstrated lower activation of
Erk in BDNF*/~ mice whereas this deficit was rescued by fish oil-enriched diet. In
parallel, BDNF+/~ mice displayed elevated hippocampal extracellular 5-HT levels in
relation with a local decreased serotonin transporter protein level. Fish oil-enriched
diet restored normal serotonergic tone by increasing the protein levels of serotonin
transporter. At the cellular level, fish oil-enriched diet increased the pool of immature
neurons in the dentate gyrus of BDNF*/~ mice and the latter observations coincide
with its ability to promote anxiolytic- and antidepressant-like response in these mutants.
Collectively, our results demonstrate that the beneficial effects of long-term exposure to
fish oil-enriched diet in behavioral paradigms known to recapitulate diverse abnormalities
related to the depressive state specifically in mice with a partial loss of BDNF. These
findings contrast with the mechanism of action of currently available antidepressant
drugs for which the full manifestation of their therapeutic activity depends on the
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enhancement of serotoninergic and BDNF signaling. Further studies are warranted to
determine whether fish oil supplementation could be used as an add-on strategy to
conventional pharmacological interventions in treatment-resistant patients and relevant

animal models.

Keywords: brain-derived neurotrophic factor (BDNF), neurobehavior, antidepressant, anxiolytic fish oil (n-3) fatty

acids, serotonin

INTRODUCTION

Major depressive disorder (MDD) is an important public
health concern worldwide. The lifetime prevalence of MDD
is nowadays 15-20% of the population, and is expected to
become the second most prevalent cause of illness-induced
disability by 2020 (Lecrubier, 2001). These epidemiological
data prompt research to identify the cellular and molecular
mechanisms underpinning these mental disorders and to develop
innovative treatments with better therapeutic effects than
currently available medications. Indeed, despite their therapeutic
activity, antidepressant drugs, including selective serotonin
reuptake inhibitors (SSRIs), alleviate depression symptoms in
only a limited percentage of patients, and remain insufficiently
effective in treatment responders (Hamon and Blier, 2013).
Omega-3 polyunsaturated fatty acids (PUFAs) deficiency
has been associated with several pathologies such as mood
disorders, cardiovascular diseases, and stroke (Hibbeln et al.,
2006). Mammals are unable to synthesize omega-3 and its
supply depends on dietary intake. Fish oils represent the main
source of omega-3 PUFAs [(i.e., eicosapentaenoic (EPA) and
docosahexaenoic (DHA)] (Calder, 1998). Interestingly, it has
been reported that depressed patients display low plasma and
brain levels of omega-3 PUFAs (McNamara et al., 2007; Lin et al.,
2010). Such deficits were also found in other populations with
mental disorders: e.g., lower DHA and total omega-3 PUFAs in
postpartum depression (De Vriese et al., 2003) and lower DHA
in bipolar disorders (Chiu et al., 2003). Conversely, multiple
sources of evidence suggested that consumption of omega-3
PUFAs produces antidepressant activity in patients with MDD
(Peet et al.,, 1998; Marangell et al., 2003; Silvers et al., 2005;
Freeman et al., 2006; Lin and Su, 2007; Owen et al., 2008; Su et al.,
2008) or bipolar disorders (Montgomery and Richardson, 2008).
A recent meta-analysis also revealed a beneficial overall effect of
omega-3 PUFAs in patients under antidepressant drugs treatment
(Mocking et al., 2016), suggesting that supplementation with
these fatty acids could be used as an “add-on” strategy to reduce
treatment resistance, and potentiate treatment response (Peet
and Horrobin, 2002; Jazayeri et al., 2008; Gertsik et al., 2012).
Consistent with these clinical studies, research in rodents showed
that omega-3 PUFAs elicits a robust anxiolytic-like activity in
the elevated plus maze (EPM) (Pérez et al, 2013) and an
antidepressant-like activity in the forced swim and tail suspension
tests (Blondeau et al., 2009; Venna et al., 2009; Moranis et al.,
2012; Park et al., 2012; Vines et al., 2012). Moreover, omega-3
PUFAs were shown to improve anxiety-like and depressive-like
phenotypes in various animal models of depression (Pérez et al.,
2013; Pudell et al,, 2014; Tang et al., 2015; Wu et al, 2016)

and their combination with SSRIs appeared to be more effective
than antidepressant drugs alone for reducing depression-like
behaviors (Lakhwani et al., 2007; Laino et al., 2010; Able et al,,
2014).

Antidepressant drugs activity is associated with the
stimulation of brain serotonergic neurotransmission (Gardier
et al., 1996) accompanied with an enhancement of adult
hippocampal neurogenesis. On the contrary, disruption of
hippocampal neurogenecis prevents the behavioral effects of
various classes of antidepressant in mice (Schmidt and Duman,
2007). A number of factors have been proposed to participate in
adult hippocampal neurogenesis and SSRI response including
Brain-Derived Neurotrophic Factor (BDNF) (Nibuya et al,
1995). A single bilateral infusion of BDNF into the dentate
gyrus of hippocampus produced antidepressant-like effects
in naive mice (Deltheil et al., 2009) or in animal models of
depression such as the learned helplessness (Shirayama et al.,
2002). Interestingly, in heterozygous BDNF'/~ mice or in
inducible BDNF KO lines of mice, deletion of BDNF in adults
does not impact on depression-like behavior evaluated in the
forced swim test (FST) (MacQueen et al.,, 2001; Saarelainen
et al., 2003; Monteggia et al., 2007). However, these mutants
display signs of antidepressant drugs resistance, notably at the
behavioral and neurochemical levels (Saarelainen et al., 2003;
Monteggia et al., 2004; Daws et al., 2007; Monteggia et al., 2007;
Guiard et al., 2008; Ibarguen-Vargas et al., 2009). In an attempt
to clarify the relationship between BDNF and the serotonergic
system, alterations in behaviors regulated by serotonin such as
hyperphagia and weight gain were demonstrated in BDNF*/~
mice (Lyons et al., 1999). BDNF'/~ mice also exhibit accelerated
age-related loss of serotonergic innervation to the hippocampus
(Lyons et al., 1999; Luellen et al., 2007) and increased expression
of 5-HT transporter (Guiard et al., 2008). The latter effects likely
contribute to dampen serotonergic neurotransmission (Siuciak
et al., 1996; Mamounas et al., 2000) and strongly suggest that
normal BDNF signaling is essential for antidepressant efficacy in
mice.

Interestingly, the time course of omega-3 PUFAs-induced
antidepressant-like effects in rodents is compatible with
molecular and morphological changes taking place in the
hippocampus. In particular, it has been reported that prolonged
omega-3 PUFAs exposure stimulated BDNF expression and adult
hippocampal neurogenesis in mice (Wu et al., 2004; Rao et al,,
2007; Blondeau et al., 2009; Venna et al., 2009). In this context,
the present study was designed to determine to what extent
fish oil-enriched diet containing omega-3 PUFAs influence
serotonergic tone and markers of hippocampal plasticity in
BDNF'/~ mice and their wild-type littermates. Using behavioral
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paradigms assessing anxiolytic/antidepressant-like activities,
we also examined whether fish oil-enriched diet represents
an alternative therapeutic strategy to currently available
antidepressant drugs in BDNF*/~ mice.

MATERIALS AND METHODS

Animals and Dietary Treatment

Experiments were performed in accordance with the European
Union (86/609/EEC) and the French National Committee of
Ethics (87/848) policies regarding the care and use of laboratory
animals. BDNF*/~ mice and their wild-type littermates initially
bred on a mixed S129/Sv x C57BL/6 genetic background
(Korte et al., 1995) were backcrossed to 129Sv strain, mated
and raised at the animal facility of the Université Paris-Sud
(Chatenay-Malabry, France) or at the Universidade Federal de
Sdo Paulo (Sao Paulo, Brazil). One-month-old male mice were
genotyped by polymerase chain reaction and were randomly
assigned to receive either a control diet or a fish oil-enriched
diet for 12 weeks. Diets were prepared according to the
recommendations of the American Institute of Nutrition
(AIN-93) for rodents (Reeves, 1997) and were isocaloric and
normolipidic, i.e., diets had identical energy and lipid content.
The source of fat was soybean oil in the control diet and fish
oil (Sigma-Aldrich, St. Louis, MO, United States). Both diets

met the minimum suggested requirement for rodents of 2 g/kg
diet of alpha-linolenic acid (ALA). The fatty acids composition
of diets is depicted in Supplementary Table S1. Animals were
housed in groups of five mice per cage under standard conditions
(12:12 h light-dark cycle, 22 & 1°C ambient temperature, 60%
relative humidity), with ad libitum access to food and water.
Experimental timeline is depicted in Figure 1. Procedures were
conducted in conformity with the institutional guidelines in
compliance with national and policy (Council directive #87-848,
October 19, 1987, Ministére de I’Agriculture et de la Forét, Service
Vétérinaire de la Santé et de la Protection Animale, permission
#92.196).

Fatty Acids Analysis in the Hippocampus

Mice were killed by cervical dislocation. The brains were
withdrawn and rinsed in saline (NaCl 0.9%). The hippocampi
were finely dissected, weighed and stored at —80°C in CHCI3-
MeOH (v/v, 2/1) to further determine its fatty acids profile.
The lipids were extracted with chloroform/methanol (2/1),
according to an adaptation of the method previously described
(Rousseau et al., 2003). The phospholipids (PL) were separated
from non-phosphorous lipids on silica acid cartridges. After the
separation, the phospholipid fractions, mostly representative of
the membranes, were transmethylated with boron trifluoride
methanol 7% (Sigma-Aldrich, Saint Quentin Fallavier, France).
The methyl esters of phospholipid fatty acids were analyzed

Experimental Timeline

1 month-old 4 month-old
& Control diet

3

) Fish oil-enriched diet

Control diet

Fish oil-enriched diet

Behavioral tests |

Immunohistochemistry
Western blot
Fatty acids analysis

Microdialysis |

OF EPM FST
| | |
Day 0

euthanized for immunohistochemistry, Western-blot and biochemical analyses.

FIGURE 1 | General procedure and experimental groups. Mice from each genotype were fed a control or fish oil-enriched diet for 12 weeks. In vivo procedures (i.e.,
behavioral and microdialysis experiments) were conducted while the animals were maintained under their respective diets. Given that it has been demonstrated that
the interval between behavioral tests could be as little as 1 day, with a weak effect on overall performance (Paylor et al., 2006), in the present study, a 2-day recovery
period between each test was provided. Moreover, to avoid the interference of behavioral testing on microdialysis experiments and notably the fact that the FST
represents a strong stressor for the animals, the collection of dialysate samples was conducted 10 days after the behavioral assessment. The next day, animals were

// '

Day 15
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by gas chromatography coupled to FID (Auto Sampling 8410
Gas Chromatograph 3900; Varian, Les Ulis, France) on an
Econo-Cap EC-WAX capillary column (30-m, 0.32-mm internal
diameter, 0.25-pwm Film, ref 19654, ALLTECH Associates Inc.,
Templemars, France), using heptadecanoic acid (margaric acid,
C17:0) as internal standard. Fatty acid composition was expressed
as the percentage of total fatty acid weight. Desaturase activity was
estimated according to Warensjo et al. (2009).

Intracerebral Microdialysis for the
Determination of Hippocampal

Extracellular Serotonin (5-HT) Levels

Under anesthesia (chloral hydrate, 400 mg/kg, i.p.), mice were
stereotaxically implanted with concentric microdialysis probes
(active membrane length: 2.0 mm, molecular weight cut-off:
4.5 kD) in the ventral hippocampus (coordinates in mm from
bregma: AP: —3.4, L: £ 3.4, V: 4.0). The next day, mice were
connected to a swivel system and the probes were connected
to a microinjection pump, allowing a continuous perfusion of
artificial cerebrospinal fluid (composition: NaCl 147 mM, KCI
3.5 mM, CaCl2 1.26 mM, MgCI2 1.2 mM, NaH2PO4 1.0 mM,
NaHCO3 25.0 mM; pH 7.4 + 0.2) at a flow rate of 1.5 pl/
min. A 2 h-perfusion was performed to allow stabilization
of 5-HT concentrations and microdialysis samples were then
collected every 15 min. Microdialysates were kept at —80°C
until analysis of 5-HT content by high performance liquid
chromatography (HPLC) coupled to an amperometric detector
(VTO03; Antec Leyden, Netherlands). The amounts of 5-HT
in microdialysates (19 l) were calculated by measurement
of peak heights relative to external standards. The limit of
sensitivity for 5-HT was ~ 0.5 fmol/sample (signal-to-noise
ratio = 2).

Western-Blot Analyses of Serotonin
Transporter (SERT) and TrkB-BDNF
Signaling Pathway

The hippocampi were homogenized in lysis buffer (1%
Triton X-100, 100 mM Tris-HCl pH 7.4, 100 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA,
10 mM sodium orthovanadate, 2.0 mM phenylmethylsulfonyl
fluoride and 0.1 mg aprotinin/ml). Protein concentrations
were determined wusing a commercial kit (BioAgency,
Brazil). Equal amounts of proteins (50 pg) were loaded
and separated on 10% SDS polyacrylamide gels and transferred
onto nitrocellulose membranes (Amersham Biosciences, GE
Healthcare, United States). Membranes were saturated with
a blocking solution containing 1% BSA in TPBS (10 mM
Tris, 150 mM NaCl and 0.02% Tween 20). Protein blots were
incubated in 1% BSA in TPBS, overnight with the following
primary antibodies: anti-phospho-Akt, anti-phospho-p44/p42
Erk, anti-SERT, and anti-alpha-tubulin. Primary antibodies
were purchased from Cell Signaling (anti-phospho-Akt, anti
phospho-p44/p42 Erk) or Santa Cruz Biotechnology (St. Louis,
MO, United States) (serotoninergic and alpha-tubulin). After
washing, membranes were incubated with the appropriate
HRP-conjugated secondary antibodies (Sigma-Aldrich, St. Louis,

MO, United States). Staining was revealed using the ECL-Plus
Western blotting detection system (Thermo Scientific, Rockford
IL, United States). Chemiluminescence was quantified by
Scion Image software. After each revelation, membranes were
incubated in stripping solution (62.6 mM Tris-HCI, 2% SDS,
100 mM b-mercaptoethanol, pH 6.8) for 30 min at 45°C and
reblotted. Results are presented as the ratio of the protein,
or phosphoprotein levels, to alpha-tubulin and are expressed
as a percentage of the controls (wild-type under the control

diet).

Immunohistochemistry to Assess Adult

Neurogenesis

5-Bromo-2-Deoxyuridine (BrdU) Injection and Brain
Preparation

A new cohort of mice was used for adult neurogenesis
experiments. Just before the beginning of the dietary treatment,
mice received ip. injections of 5-bromo-2-deoxyuridine
BrdU (150 mg/kg; 2 times/day) dissolved in saline (0.9%
NaCl) for 4 days. After 12 weeks of dietary treatment, mice
were deeply anesthetized with ketamine and transcardially
perfused with 0.9% sodium chloride followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate saline buffer
(PBS). Brains were removed and postfixed overnight in
4% PFA at 4°C. Brains equilibrated in 30% sucrose 0.1
M phosphate buffer were embedded in Tissue-Tek OCT
(Sakura, United States) and frozen. Coronal 40 pm-thick
sections were obtained with a cryostat (Leica, Bensheim,
Germany) and stored in cryoprotectant at —20°C
until use.

BrdU Immunohistochemistry

One in six series of coronal sections (spaced 240 pm) throughout
the rostrocaudal extent of the hippocampus was used for
BrdU staining to evaluate new cell survival. Free-floating
brain sections were rinsed in PB containing 0.9% NaCl and
0.25% Triton X-100 (PBST) before inactivation of endogenous
peroxidases with 3% H,O, in 10% methanol in PBS. Sections
were incubated in 2N HCI in PBST for 50 min to denature
DNA and then neutralized in 0.1M borate buffer (pH 8.5).
Sections were then blocked in PBST containing 5% normal
goat serum for 60 min, followed by overnight incubation in
primary antibody monoclonal rat anti-BrdU (1:400; OBT-0030,
Harlan Seralab, Loughborough, United Kingdom) in PBST
with 0.1% sodium azide containing 5% normal goat serum.
After incubation in goat anti-rat-biotinylated antibody (1:100,
BA9400 Vector) for 1 h at room temperature, sections were
incubated in the avidin-biotin complex (1:400 in PBS-T; Vector
Laboratories ABC Elite Kit) and staining was visualized with
DAB-Ni.

Doublecortin Inmunohistochemistry

One in twelve series of coronal sections (spaced 480 pm)
of the rostrocaudal extent of the hippocampus was used for
doublecortin (DCX) staining to evaluate maturation of newborn
neurons. Sections were incubated in 0.1M phosphate buffered
saline with 0.5% Triton X-100 and 10% normal donkey serum
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(NDS), followed by goat anti-doublecortin primary antibody
(1:500; Santa Cruz Biotechnology, SC8066, Santa Cruz, CA,
United States) in TBS/Tx/NDS for 24 h at 4°C. Sections
were then incubated in biotinylated donkey anti-goat secondary
antibody (1:500; Jackson ImmunoResearch, West Grove, PA,
United States) in TBS/NDS for 1 h at room temperature, followed
by a 1 h amplification step using an avidin-biotin complex
(Vector Laboratories ABC Elite Kit) and diaminobenzidine
(DAB; Vectastain DAB Kit) as previously described (Quesseveur
etal., 2013).

Quantification of Immunoreactive Cells

Slides were coded before analysis; the experimenter was
blind to genotype and diet until all samples were counted.
Quantification of BrdU-immunoreactive (BrdU+) and
DCX-immunoreactive (DCX+) cells was conducted using
Olympus BX51 microscope (Olympus Deutschland GmbH,
Hamburg, Germany). The corresponding surface area of the
granule cell layer (GCL) sampled for counting was measured
using the Mercator stereology system (Explora Nova, La
Rochelle, France). Density of positive cells was then calculated
by dividing the number of positive cells by the GCL area
sampled. Results were expressed as the number of positive
cells/mm?.

Behavioral Tests

Behavioral tests were performed between 9:00 and 11:00 am in a
low light condition. Studies in animals are reported in accordance
with the ARRIVE guidelines (McGrath et al.,, 2010). Thus, each
mouse was subjected the open-field (OF), the EPM and the FST.
This sequence was applied to minimize the impact of stress
across tests and a 2-day recovery period between each test was
provided (Figure 1). It is noteworthy that reducing the inter-test
interval reduces the possible effect of dietary administration on
tests.

Open Field was performed in Plexiglas setups (MED
Associates, France) during a 30-min session. Entries count and
total time in the center were measured by an automated system
(MED Associated, France). Total ambulatory distance was also
measured to ensure the absence of any locomotor effect of
genotypes and/or diets.

Elevated Plus Maze was performed in a Plexiglas apparatus
(MED Associates, France) during a 5-min session. Mice were
placed in the center of the EPM facing an open arm and entries
as well as time spent in the open and closed arms were measured
by an automated system (ANY-maze, Stoelting Co., Wood Dale,
IL, United States).

Forced Swim Test was performed in plastic buckets (20 cm
diameter, 23 cm deep) filled up to two thirds with water at
23-25°C. FST was videotaped for a 6-min session period and the
last 4 min were scored for active (climbing and swimming) and
passive (immobility) behaviors by an experimenter blind to both
genotypes and diets.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
software (Version 5, San Diego, CA, United States). Comparisons

between groups were made using an analysis of variance
(ANOVA), followed by Tukey’s post hoc analysis when warranted.
Significance was set at p < 0.05.

RESULTS

BDNF+*/~ Mice and Their Wild-Type
Littermates Fed a Fish Oil-Enriched Diet
Similarly Incorporate Omega-3 PUFAs in

Their Hippocampus

In the present study, two diets equivalent in total fat, protein,
carbohydrate and caloric content were formulated. The
control diet contained the fatty acid ALA, the precursor of
omega-3 PUFAs, and the fish oil-enriched diet presented higher
levels of EPA and DHA, two omega-3 PUFAs components
(Supplementary Table S1). The fish oil-enriched diet increased
levels of omega-3 PUFAs [F(3,10) = 83.1; p < 0.001] and
decreased the ratio omega-6 to omega-3 [F(3,109) = 568.2;
p < 0.001] in the hippocampus of both wild-type and
BDNF'/~ mice. Hence, the partial genetic inactivation
of BDNF did not prevent the incorporation of omega-3
fatty acids into hippocampal phospholipid membranes
(Table 1).

Erk Phosphorylation Is Reduced in the
Hippocampus of BDNF*/~ Mice and Can
Be Rescued by Fish Oil-Enriched Diet

Because initial studies demonstrated that forebrain BDNF mRNA
and protein levels in BDNF*/~ mice were 2250% of the wild-type
(Ernfors et al., 1994; Korte et al., 1995; Kolbeck et al., 1999),
the activation of ErK and Akt in the hippocampus was used in
the present study as an indirect marker of changes in BDNF
signaling (Schmidt and Duman, 2010; Quesseveur et al., 2013;
Lepack et al., 2016). Under control diet, a significant reduction in
p-Erk protein levels was unveiled in BDNF*/~ mice compared
to wild-type littermates (p = 0.04, Figure 2A). Fish oil restored
p-Erk protein to normal levels (p = 0.04) in BDNF*/~ mice,
whereas it had no impact on p-Erk in wild-type animals (p = 0.7;
Figure 2A). We also monitored the expression of p-Akt and
found that partial BDNF depletion had no impact this parameter.
Moreover, no significant effects were detected in either wild-type
nor BDNFt/~ mice fed a fish oil-enriched diet [F(3,16) = 0.9;
p = 0.4; Figure 2B]. Altogether, these data support the fact that
the partial BDNF depletion leads to impairment of Erk signaling
pathway, a deficit which can be rescued by fish oil-enriched
diet.

Fish Oil-Enriched Diet Thwarts the
Perturbation of Serotoninergic
Neurotransmission Induced by BDNF

Depletion in the Hippocampus

We then sought to determine whether fish oil-enriched diet
influenced hippocampal serotonergic tone by first assessing the
expression of the 5-HT transporter SERT in the hippocampus
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TABLE 1 | Fatty acids profile (% of total fatty acids) of hippocamrpus membrane phospholipids of wild-type and BDNF+/~ mice treated with control or fish oil-enriched

diet.
Wild-type mice BDNF+/~mice
Control diet Fish oil-enriched diet Control diet Fish oil-enriched d
Fatty acids
C14:0 0.83 &+ 0.02 0.95 £+ 0.02 0.98 £ 0.21 0.79 +£0.038
C16:0 23.17 £ 0.05 23.06 + 0.12 15.34 +£5.27 22794+ 0.17
C18:0 21.27 £ 0.05 20.78 £ 0.15 24.38 +1.87 20.60 + 0.21
¥ SFA 46.03 + 0.01 45.58 + 0.23 41.45 + 3.27 45.02 + 0.41
C16:1n-7 0.57 &+ 0.00 0.76 £+ 0.034 0.933 + 0.354 0.756 + 0.046
C16:1cis-9 0.57 £0.02 0.64 +£0.02 0.65 +£0.12 0.62 £+ 0.01
C18:1cis-9 14.41 +£0.12 16.27 £ 0.16 15.87 +1.22 16.64 +0.13
¥ MUFA 20.90 + 0.19 22.93 + 0.26 23.43 + 2.08 23.34 + 0.19
C18:2 n-6 (LA) 1.44 +£ 0.1 0.88 + 0.03*** 1.65+ 0.1 0.68 £ 0.02***
C20:4 n-6 (AA) 12.20 + 0.00 8.62 £ 0.10*** 12.91 £ 0.57 8.45 £+ 0.07**
C18:3 n-3 (ALA) 0.04 £+ 0.00 0.17 +£ 0.04 0.04 + 0.01 0.04 + 0.00
0.03 £ 0.00 0.57 £ 0.05*** 0.03 £ 0.01 0.63 £ 0.09***
C20:5 n-3 (DPA)
0.24 +0.02 0.67 £ 0.02*** 0.23 + 0.02 0.74 £ 0.02%*
C22:5n-3 (EPA)
14.49 £ 0.10 17.33 + 0.24%** 15.33 £0.30 17.62 £ 0.20%**
(C22:6 n-3 (DHA)
X PUFAs 32.91 + 0.04 30.95 + 0.35%** 34.36 + 1.78 30.96 + 0.29***
17.42 £ 0.04 11.77 £ 0.13* 18.50 £ 0.87 11.58 £ 0.07***
> PUFAs n-6
¥ PUFAs n-3 16.13 £ 0.15 19.18 + 0.21%** 16.10 £ 0.30 19.38 + 0.28***
1.15 4+ 0.01 0.61 £ 0.0%** 1.15+0.03 0.60 £ 0.01***
n-6/n-3
Desaturase activity
A9 16:1/16:0 0.025 + 0.00 0.033 + 0.00 1.244 +1.219 0.033 + 0.002
A9 18:1/18:0 0.673 + 0.008 0.783 &+ 0.012*** 0.654 + 0.02 0.808 + 0.016**
A6 20:3/18:2 0.343 £+ 0.01 0.433 £ 0.027*** 0.299 + 0.021 0.519 + 0.019**
A5 20:4/20:3 25.55 4+ 0.43 22.847 +£0.48 26.13 +£ 0.99 24.21 +0.81

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; LA, linoleic acid; AA, arachidonic acid; ALA, alpha-linolenic acid; EPA,
eicosapentaenoic acid;, DHA, docosahesaenoic acid; DPA, docosapentaenoic acid. £ SFA: sum of C14:0 + C15:0 + C16:0 + C18:0 + C20:0 + C22:0 4+ C23:0 + C24.0.
X~ MUFA: sum of C14:1 n-9 + C15:1 n-9 + C16:1 n-7 + C16:1 n-9 + C16:1 n-11 4+ C18:1 n-7 4+ C18:1n-9 + C20:1 n-7 + C20:1 n-9 + C20:1 n-11 + C22:1 n-9. =
PUFAs: sum of C18:3 n-38 + C18:4 n-3 + C20:3 n-3 + C20:4 n-3 + C20:5 n-3 + C22:5n-3 + C22:6 n-3 + C18:2 n-6 + C18:3 n-6 + C20:2 n-6 + C20:3 n-6 + C20:4
n-6 + C22:2 n-6 + C22:3 n-6 + C22:4 n-6 + C22:5 n-6. ¥ n-3: sum of C18:3 n-3 + C18:4 n-3 + C20:3 n-3 + C20:4 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3.
X n-6: sum of C18:2 n-6 4+ C18:3 n-6 + C20:2 n-6 + C20:3 n6 + C22:4 n-6 + C22:2 n-6 + C22:3 n-6 + C22:4 n-6 + C22:5 n-6. **p < 0.01 and **p < 0.001:
significantly different from the corresponding group of mice fed a control diet (n = 3/4 mice/group).

of wild-type and BDNF*/~ mice. Under control diet, a
significant decrease in SERT protein levels was observed in
BDNFT/~ compared to wild-type mice (p = 0.015). Although
fish oil had no effect on SERT protein levels in wild-type
mice (p = 0.7), this diet rescued SERT protein to control
levels in BDNF/~ mice (p = 0.02; Figure 3A). In light of
these findings, we tested the possibility that serotonergic tone
might be differentially modified in wild-type and BDNF*/~
mice. Accordingly, under control diet a significant increase in
extracellular 5-HT levels ([5-HT]cxt) was detected in the ventral
hippocampus of BDNF*/~ mice compared to their wild-type
littermates (p < 0.001). Fish oil-enriched diet normalized
this parameter in BDNF*/~ mice (p < 0.001; Figure 3B).
These results indicate that the partial BDNF depletion is
responsible for an enhancement of serotonergic tone in the

hippocampus whereas fish oil-enriched diet restored normal
[5-HT]ex; levels in BDNF/~ mice by heightening SERT protein
expression.

Fish Oil-Enriched Diet Increases

Densities of Immature Adult-Born

Neurons in the Dentate Gyrus of

BDNF*/~ Mice

Because previous reports pointed out a role for 5-HT and BDNF
signaling in the control of hippocampal plasticity, particularly
regarding its ability to influence new cell survival and neuronal
differentiation (Nibuya et al., 1995; Quesseveur et al., 2013), we
examined the effects of fish oil-enriched diet on these parameters
in wild-type and BDNF*/~ mice. To this end, we quantified
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FIGURE 2 | Fish oil-enriched diet increases p-Erk (Thr202/Tyr204) in the hippocampus of BDNF/~ mice. (A) Densitometric quantification of immunoblot analysis
from p-Erk (Thr202/Tyr204) (ANOVA: [F(3,16) = 4.2; p = 0.02]) and (B) p-Akt (Ser473) (ANOVA: [F(3,16) = 0.9; p = 0.4]) in the hippocampus of wild-type and
BDNF*+/~ mice fed a control (white bars) or fish oil-enriched diet (black bars) for 12 weeks. Data are expressed as means + SEM of the ratio p-Erk/a-tubulin or
p-Akt/a-tubulin (% of wild-type mice fed a control diet). *p < 0.05: diet effect, #p < 0.05: genotype effect (n = 5 mice/group).
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BrdU- and DCX-labeled (BrdU+ and DCX+) cells in the dentate
gyrus of mice from both genotypes. Densities of 12-week-old
BrdU+- cells were not significantly different among experimental
groups (Figures 4A,B), indicating that partial BDNF depletion
has no long-term impact on hippocampal new cell survival.
As regards the density of DCX+ cells, under control diet,
neuronal differentiation was not different between wild-type and
BDNF'/~ mice. Interestingly, although fish-oil diet failed to alter
this parameter, a significant increase in the density of DCX+
cells was observed in BDNF'/~ mice (p = 0.05; Figures 4C,D).
These results suggest that fish-oil enriched diet increases the
pool of immature neurons in the dentate gyrus of BDNF*/~
mice.

Fish Oil-Enriched Diet Exerts
Antidepressant and Anxiolytic-Like
Effects on BDNF+/~ Mice

Finally, we tested the effects of fish oil-enriched diet on mice from
both genotypes submitted to behavioral paradigms designed to
evaluate different symptoms of depressive state such as anxiety in
the OF and EPM and despair in the FST.

In the OF test, numbers of entries in the center were not
statistically different between wild-type and BDNF*+/~ mice fed
a control diet (p = 0.06). In mice fed the fish oil-enriched diet,
the number of entries (p < 0.01) was significantly increased
in BDNF*/~ mice (p < 0.01), but not in wild-type littermates
(p = 0.7; Figure 5A). Interestingly, similar results were obtained
on the time spent in the center (Supplementary Figure S1A).
To eliminate a putative bias, we verified that the locomotor
activity was not different between groups (wild-type control
diet: 3195 4+ 461 c¢m during 30 min; BDNF*/~ control diet:
2694 £ 209 cm; wild-type fish oil-enriched diet: 2794 £ 305 cm
and BDNF*/~ fish oil-enriched diet: 3201 & 154 cm [F(3 29) = 0.7;
p = 0.5491]).

Likewise, in the elevated plus maze, under control diet,
no differences were detected between BDNF'/~ and their
wild-type littermates in the number of entries in the open
arms (p = 0.4). However, in mice fed the fish oil-enriched
diet, this parameter was significantly increased in BDNF*/~
mice (p < 0.01) but not in wild-type littermates (p = 0.4;
Figure 5B). Again, these results are consistent with those
obtained on the time spent in the open arms (Supplementary
Figure S1B).

Finally, in the FST, under control diet, wild-type and
BDNF'/~ mice displayed the same duration of immobility
(p = 0.9). Fish oil significantly decreased the time of immobility
in BDNF*/~ mice (p < 0.01), while it had no effect in wild-type
mice fed a control diet (p = 0.8; Figure 5C).

Overall, these set of behavioral data indicate that fish oil-
enriched diet elicited anxiolytic- and antidepressant-like activities
specifically in BDNF*/~ mice.

DISCUSSION

The present study evaluated the effects of prolonged exposure
to fish oil-enriched diet in wild-type and BDNF*/~ mice at
the molecular, cellular and behavioral levels. BDNF*/~ mice
offer a good model to study non-conventional therapeutic
strategies for anxiety and depression since these mice are
less prone to respond to currently available antidepressant
drugs including SSRIs (Daws et al., 2007; Guiard et al., 2008;
Ibarguen-Vargas et al, 2009). One of the most remarkable
results obtained herein is that under control diet, the
partial BDNF depletion produced significant changes in
the hippocampus, including a decreased activation of the
MAP kinase Erk along with an elevated serotonergic tone.
However, these effects were not sufficient to impact cell survival
and neuronal differentiation in the hippocampus and to
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FIGURE 3 | Fish oil-enriched diet decreases serotonergic tone in the hippocampus of BDNF*/~ mice. (A) Protein expression of the Serotonin Transporter (SERT).
(Left panel) Representative blots from SERT. (Right panel) Densitometric quantification of immunoblot analysis from SERT (ANOVA: [F (3,29, = 5.2; p = 0.002]) in the
hippocampus of wild-type and BDNF*/~ mice fed a control (white bars) or fish oil-enriched diet (black bars) for 12 weeks. Data are means £ SEM of the ratio
SERT/a-tubulin (% of wild-type mice fed a control diet). *p < 0.05: diet effect; #p < 0.05: genotype effect significantly different from wild-type mice fed a control diet
(n = 8-9 mice/group). (B) Basal extracellular 5-HT levels ([5-HTlext) in the hippocampus. Data are means + SEM of basal [5-HT]ext (fmol/19 L) measured for a
60 min-period in the hippocampus of mice from both genotypes fed a control (white) or fish oil-enriched diet (black) for 12 weeks (ANOVA: [F (3 25) = 67.23];

p < 0.001). *p < 0.01 and **p < 0.001: diet effect; ###p < 0.001: significantly different from wild-type mice fed a control diet (n = 6-9 mice/group).
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FIGURE 4 | Fish oil-enriched diet does not affect cell survival but increases the density of immature neurons in the hippocampus of BDNF*+/~ mice.
(A) Representative images of the dentate gyrus after 5-bromo-2-deoxyuridine (BrdU) immunostaining in each experimental group. Scale bar: 50 um. (B) Density of
BrdU-labeled (BrdU+) cells 4 weeks after BrdU injection indicative of new cell survival. Data are means = SEM of BrdU+ cell counts per mm? (ANOVA: [F(3,19) = 0.8;
p = 0.4]; n = 5-6 mice/group) in the dentate gyrus of wild-type and BDNF+/— mice fed a control (white) or fish oil-enriched diet (black) for 12 weeks.
(C) Representative images of the dentate gyrus showing doublecortin-labeled (DCX+) cells in each experimental group. Scale bar: 50 wm. (D) Density of DCX+ cells
in the dentate gyrus, indicative of the presence of immature neurons. Data are means + SEM of DCX+ cell counts per mm? (ANOVA: [F(3,26) = 3.6; p = 0.025]) in
the dentate gyrus of wild-type and BDNF*/~ mice fed a control (white) or fish oil-enriched diet (black) for 12 weeks. *p < 0.05: diet effect (n = 6-9 mice/group).

impact anxio-depressive-like behaviors. In a marked contrast,
long-term exposure to fish oil-enriched diet in BDNF*/~ but
not in BDNF'/* mice increased the activation of Erk and
decreased serotonergic tone. These molecular changes were
accompanied by an enhancement of neuronal differentiation
along with reproducible anxiolytic responses and robust
antidepressant-like effects. Together these results led us to
envision that fish oil could exert its beneficial effects on mood

specifically in patients displaying decreased BDNF signaling in
the hippocampus.

The effects of fish oil-enriched diet, an omega-3 PUFAs source,
on anxiety have been poorly documented. The limited data
available in rodents show that supplementation of diet with
omega-3 PUFAs favors anxiolytic-like activities (Pérez et al.,
2013; Pudell et al.,, 2014), whereas their deprivation produces
opposite effects (Lafourcade et al., 2011; Larrieu et al.,, 2012).
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FIGURE 5 | Fish oil-enriched diet induces anxiolytic- and antidepressant-like
activities in BDNF+/~ mice. (A) Anxiety evaluated in the open field. Data are
means + SEM of the number of entries in the center of the arena (ANOVA:
[F(3,00) =7.1; p = 0.002]). (B) Anxiety evaluated in the elevated plus maze.
(Continued)

FIGURE 5 | Continued

Data are means + SEM of the number of entries in the open arms (ANOVA:
[F(3.20 = 2.8; p = 0.11]). (C) Antidepressant-like activity evaluated in the
forced swim test (FST). Data represent means + SEM of the immobility time of
wild-type and BDNF*+/~ mice fed a control (white) or fish oil-enriched diet
(black) for 12 weeks (ANOVA: [F(3,20) = 7.1; p = 0.002]). *p < 0.05,

**p < 0.01: diet effect; #p < 0.05: genotype effect (n = 6 mice/group).

The latter findings are not consistent with the present results
since we failed to unveil beneficial effects of fish oil in wild-type
BDNFT/* mice submitted to the OF and EPM. One possible
explanation for this relies on the fact that the control diet
used in the present study was not deficient in omega-3. Indeed,
the therapeutic benefits of fish oil supplementation have been
found only in omega-3 deficient individuals, while those without
baseline deficits were less prone to benefit from supplementation
(Horrobin and Bennett, 1999). Alternatively, one would expect
that fish oil-enriched diet specifically dampens anxiety under
pathological conditions. In agreement with this hypothesis,
evidence demonstrated that the anxiolytic-like effects of omega-3
PUFAs are detectable after acute or chronic stress (Harauma
and Moriguchi, 2011; Mathieu et al., 2011; Ferreira et al., 2013).
Of particularly interest in the context of the present study
unveiling anxiolytic-like effects of fish oil in BDNF*/~ mice,
it has been reported that such diet displays similar behavioral
properties in bulbectomized rats, an animal model of depression
also characterized by reduced hippocampal BDNF levels (Pudell
et al,, 2014). In keeping with the latter findings, omega-3 PUFAs
supplementation was shown to improve social interaction in
a strain of mice displaying a reduction of BDNF levels in
various brain regions (Pietropaolo et al., 2014). Collectively,
these results suggest that the down-regulation of BDNF may be
a prerequisite for the manifestation of fish oil’s anxiolytic-like
activity. These findings are important since previous studies
reported that BDNF*/~ mice are not responsive to chronic
imipramine treatment (Ibarguen-Vargas et al., 2009) or to acute
paroxetine administration (Guiard et al., 2008). Hence, fish
oil-enriched diet might be used either alone or as an add-on
strategy to antidepressant drugs in treatment-resistant patients
(Laino et al., 2010, 2014; Hou and Lai, 2016; Mayor, 2016).

To unravel the putative links between BDNF deficiency and
behavioral effects of fish oil-enriched diet, we examined the
functional activity of two proteins kinases in the hippocampus
(i.e, Erk and Akt). Doing so, we observed that BDNF*/~
mice displayed a significant reduction in the level of Erk
phosphorylation/activation whereas fish oil diet increased this
deficit. Such reversal effect might have contributed, at least in
part, to the anxiolytic properties of fish oil diet in these mutants.
In support of this hypothesis, we recently demonstrated that
an increase in hippocampal p-Erk correlates with a decrease
in the latency to feed in the novelty suppressed feeding test
(Quesseveur et al., 2015). Conversely, evidence showed that
rats microinjected with a specific inhibitor of Erk in the
hippocampus for seven consecutive days display anxiety-like
behaviors in the open field and the elevated plus maze (Qi
et al., 2009). Having shown that fish oil diet increases p-Erk
and exert anxiolytic effects specifically in BDNF*/~ mice, we
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then explored to what extent the serotonergic system could be
involved an additional and possible component in the behavioral
characteristic of fish oil-enriched diet. Here, we report an increase
in basal [5-HT]ex in the ventral hippocampus of BDNE*/~
mice, which is normalized in response to fish oil-enriched diet.
Interestingly, evidence indicated that an abnormally elevated
5-HT tone favors anxiety through the activation of specific post-
synaptic 5-HT receptors including the 5HT;5, 5-HT24/c or
5-HTj3 subtypes (Hamon, 1994). Although the impact of fish oil-
enriched diet on hippocampal [5-HT]ex levels remains elusive, a
recent study pointed out that omega-3 PUFAs supplementation
in diet increases tissue 5-HT contents in hippocampus and
cortex associated to reduced 5-HIAA levels in 3 months-old
rats (Vines et al., 2012). The latter findings are relevant in light
of our microdialysis data since an accumulation of tissue (i.e.,
intracellular) 5-HT in fish oil fed animals could reflect lower
[5-HT]ext, notably if the release process is dampened (Kodas
etal., 2004). It is noteworthy that the putative inhibitory influence
of fish oil-enriched diet on [5-HT]ey levels in the hippocampus
of BDNF/~ mice may also result from mechanisms involving
the tryptophan hydroxylase 2 (TpH2), the rate-limiting enzyme
of 5-HT synthesis, and/or the monoamine oxydase (MAO), an
enzyme important in the catabolism of 5-HT. However, the
observations that omega-3 PUFAs enhance the expression of
tryptophan hydroxylase-2 (TPH-2) (McNamara et al.,, 2009),
while attenuating that of MAO-A/B in the brain (Delion et al.,
1997; Chalon et al., 1998; Naveen et al., 2013) are not compatible
with our neurochemical data. Because the serotonin transporter
SERT is an alternative target through which 5-HT tone may be
regulated, we studied this molecular element in the hippocampus.
As previously described, we found that BDNF*/~ mice exhibited
lower levels of SERT protein expression in the hippocampus
(Guiard et al., 2008) thereby resulting in an elevated 5-HT
tone. Fish oil-enriched diet restored normal hippocampal SERT

expression, a process that contributed to normalize 5-HT tone
in the hippocampus in BDNF/~ mice and probably in other
brain regions. Hence, we demonstrated that fish oil-enriched
diet corrected SERT down-regulation directed at minimizing
the basal hyperserotonergic phenotype reported in BDNF*/~
mice. It is noteworthy that increased anxiety-related behaviors
were observed in adult SERT~/~ mice (Holmes et al., 2003;
Kalueff et al, 2010; Sakakibara et al, 2014) which display
spontaneous higher [5-HT]ext. A corollary of this observation is
that a functional SERT is necessary to promote long-term fish
oil-induced anxiolysis as reported herein. In humans, a short
promoter variant in the SERT gene is linked to lower SERT
expression, leading to a reduced 5-HT reuptake (Bengel et al.,
1998; Murphy and Lesch, 2008). This short variant has also been
associated with anxiety-related personality traits (Lesch et al,
1996; Hariri and Holmes, 2006; Canli and Lesch, 2007) and
it would be relevant to determine whether long-term exposure
to fish oil is effective in this specific population of patients.
Again, fish oil-enriched diet had no effect on serotonergic activity
in wild-type animals. This is likely due to the fact that these
mice display normal levels of anxiety and 5-HT transmission at
baseline.

As regards the antidepressant-like effects of fish oil in
BDNF'/~ mice, it is difficult to envision that decreased
immobility observed in the FST relates to the decreased
serotonergic tone since an activation of 5-HT neurotransmission
is required to hinder behavioral despair in this paradigm (Page
etal, 1999). Alternative mechanisms are likely responsible for the
antidepressant response induced by long-term exposure to fish
oil-enriched diet. It is noteworthy that changes in hippocampal
TrkB/BDNF transmission strongly influence MAP kinases
signaling pathways, which in turn regulates depressive-related
symptoms (Schmidt and Duman, 2010; Lepack et al., 2016).
For example, interventions producing antidepressant-like effects

Fish oil-enriched diet in BDNF*/- mice

FIGURE 6 | Schematic representation of hippocampal neurochemical, molecular and cellular targets of fish oil-enriched diet and its behavioral effects in BDNF+/—
mice. In BDNF+/~ mice, a decrease in the extracellular 5-HT concentrations and an increase in the level of Erk phosphorylation are observed in response to
long-term exposure to a fish oil-enriched diet. These effects might have contributed to positively reverberate on anxiety and despair. However, because the
enhancement of BDNF synthesis/release and related-signaling (Erk activation) in the hippocampus relies on the activation of local 5-HT tone, the results presented
herein cannot draw a cause and effect relationship between BDNF signaling and 5-HT neurotransmission. We propose that the beneficial behavioral effects of fish-oil
in BDNF*/~ mice involved two distinct mechanisms leading on one hand, to decrease extracellular 5-HT concentrations (favorable for anxiolysis) and on the other
hand, to stimulate BDNF signaling and neuronal maturation (favorable for anxiolysis and antidepressant response).

T,

anxiolytic effects
" ressant effects
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such as electroconvulsive shocks or chronic administration
of antidepressant drugs are generally associated with an
up-regulation of BDNF and downstream signaling pathways in
various brain regions including the hippocampus (Nibuya et al.,
1995; Balu et al., 2008; Quesseveur et al., 2013). Based on this
evidence, we can infer that the ability of fish oil to increase
p-Erk levels in BDNF*/~ mice leading to a complete recovery
of initial hippocampal levels played an important role in the
induction of antidepressant-like effects. This is consistent with
the observation that addition of DHA to rat primary culture of
cortical astrocytes induced BDNF protein expression, an effect
blocked by a MAPK inhibitor (Rao et al., 2007). Moreover, it
is noteworthy that blunted Erk activation has been observed
both in depressed patients and in relevant animal models of
depression (Dwivedi et al., 2001; Feng et al., 2003; Gourley et al.,
2008; Yuan et al., 2010) whereas inhibition of kinases such as
MEK or Erk produced despair-like behaviors and prevented the
antidepressant-like effects of SSRIs in rodents (Shirayama et al.,
2002; Duman et al., 2007). The observation that fish oil-enriched
diet had no effect on Erk activation in wild-type animals is
consistent with the lack of effects of this diet on behavioral
parameters. The putative enhancement of BDNF signaling, as
suggested by Erk phosphorylation/activation in response to
fish-oil enriched diet in BDNF*/~ mice, also draw our attention
because MAP kinases play an important role in the regulation
of adult hippocampal neurogenesis including the stimulation
of proliferation/differentiation of neural progenitor cells (Lee
et al., 2002; Sairanen et al., 2005; Li et al.,, 2008; Taliaz et al,,
2010), the maturation of newborn neurons and their survival (Lee
et al., 2002; Sairanen et al., 2005; Rossi et al., 2006; Wang et al.,
2015). However, comparing densities of surviving BrdU+ cells,
no differences were detected between wild-type and BDNF*/~
mice fed a control or a fish oil-enriched diet. However, from these
results we cannot provide definitive conclusion on cell survival
as long as the number of new generated cells is not assessed in
all experimental groups. Given that some studies have described
a neurogenic effect of omega-3 PUFAs through its ability to
stimulate neuronal maturation (Grundy et al, 2014; McCall
et al., 2015), we also quantified immature neurons, using DCX
immunolabeling. Interestingly, we observed increased numbers
of DCX+ cells in the dentate gyrus of BDNF*/~ mice fed a fish
oil-enriched diet, suggesting that adult neurogenesis is impacted.
Whether increased numbers of DCX+ cells reflect a preferential
engagement of newborn cells toward a neuronal fate or a delay in
terminal neuronal differentiation remains to be explored.

In an attempt to identify the putative beneficial effects of
fish oil, we have to take into consideration the possibility
that it might act by modulating inflammatory processes.
Indeed, systemic administration of (LPS), widely used to create
neuroinflammation, is known to precipitate depression-related
behaviors in rodents (Dantzer et al., 2008) whereas evidence
indicates that the antidepressant-like effects of fish-oil result, at
least in part, from its ability to attenuate this state (Moranis
et al., 2012; Delpech et al., 2015; Fourrier et al., 2017). A recent
study reported that the TrkB agonist 7,8-dihydroxyflavone
(7,8-DHF) reversed LPS-induced depression-like phenotype
and morphological changes (i.e., spine density) in the mouse

hippocampus (Zhang et al., 2014). These findings suggest that
the enhancement of BDNF signaling could be a prerequisite to
decrease neuroinflammation (Xu et al,, 2017) and to promote
the beneficial effects of fish oil in BDNF*/~ mice. Nevertheless,
different reports indicated that BDNF*/~ mice are protected
from inflammation not only in the whole brain (Javeri et al., 2010)
but also in peripheral tissues such as the heart and the gut (Yang
et al., 2010; Halade et al., 2013). Although these findings argue
against the fact that BDNF/~ mice could display hallmarks
of neuroinflammation, further investigations are warranted to
determine to what extent inflammatory processes such as
increases in the expression of pro-inflammatory cytokines,
activation of ubiquitous indoleamine 2,3-dioxygenase (IDO) or
recruitment of microglial cells are altered in these mutants and
whether fish-oil enriched diet positively reverberates on these
specific markers in the hippocampus.

CONCLUSION

Our data demonstrate that BDNF*/~ mice were more sensitive
to the effects of fish oil-enriched diet than wild-type mice.
As depicted in Figure 6, the present study strongly suggests
that fish oil positively reverberates on emotionality through
its ability to decrease hippocampal extracellular 5-HT levels
and to increase the activation of Erk that might contribute by
itself to stimulate neuronal plasticity. It should be borne in
mind that fish-oil is a mix of omega-3 fatty acids including,
for example, eicosapentaenoic acid (EPA), docosahexaenoic
acid (DHA) or a-linolenic acid (ALA). Given that these
components display distinct effects on behavioral paradigms
assessing antidepressant-like activities (Jin and Park, 2015; Choi
and Park, 2017), it would be interesting to precise which of them
interfere specifically on neurobehavior. This will help optimize
an “add-on” strategy based on the combination of fish oil and
SSRI in animal models resistant to conventional monoaminergic
antidepressant drugs. In particular, it will be interesting to
determine the effects of fish oil-enriched diet in mice exposed to
chronic stress (e.g., restraint stress, unpredictable chronic mild
stress or even social defeat).
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Integrin «VB3 Function Influences
Citalopram Immobility Behavior in
the Tail Suspension Test

Hope Pan, Michael R. Dohn, Rody Kingston and Ana M. D. Carneiro*

Department of Pharmacology, Nashville, TN, United States

Human studies first identified genetic and expression interactions between integrin
B3 and serotonin (5-HT) transporter (SERT) genes. This association has been further
strengthened by our discovery that integrin f3-containing receptors (av3) physically
interact with, and thereby define, a subpopulation of SERTs that may represent the main
target of selective serotonin reuptake inhibitors (SSRiIs). In this study, we examine how
integrin avp3 function influences the behavioral response to the highly SSRI citalopram
in the tail suspension test. Mice bearing a conditional deletion of the integrin B3 gene
in neurons, or those expressing a constitutively active avp3 receptor, have decreased
sensitivity to citalopram, when compared to wild-type littermates. To identify potential
signaling pathways downstream of integrin avp3 that could be altered in these mouse
lines, and consequently influence citalopram response in vivo, we performed antibody
array analyses of midbrain synaptosomes isolated from mice bearing genetically altered
integrin 3. We then pharmacologically targeted focal adhesion (FAK) and extracellular-
signal-regulated (ERK) kinases and determined that FAK and ERK activity are critical
for the actions of citalopram. Taken together, our studies have revealed a complex
relationship between integrin avp3 function, SERT-dependent 5-HT uptake, and the
effective dose of citalopram in the TST, thus implicating a role for integrin signaling
pathways in the behavioral response to SSRls.

Keywords: antidepressant, TST, signaling network, integrin, citalopram, mouse model

INTRODUCTION

Multiple genetic and environmental factors influence antidepressant response (Keers et al., 2011;
Klengel and Binder, 2013). The tail suspension test (TST) is a simple and quick paradigm with
strong predictive validity for the positive therapeutic outcomes for most antidepressants, including
tricyclic and selective serotonin reuptake inhibitors (SSRIs) (Cryan et al., 2005; Castagne et al.,
2011). With the exception of modifications in the serotonin system, there is no obvious genetic
link between alterations in immobility time in the TST by acute antidepressant administration and
reduction of symptoms upon chronic SSRI treatment.

We first identified the integrin B3 subunit as a modulator of peripheral and central serotonin
homeostasis via its interactions with the high-affinity serotonin transporter (SERT) (Carneiro et al.,
2008; Whyte et al., 2014; Mazalouskas et al., 2015; Dohn et al., 2017). Haploinsufficiency in the
murine integrin B3 gene (Itgb3) leads to a reduction in plasma-membrane levels of SERTSs, which
are the main target of SSRIs (Mazalouskas et al., 2015). These effects cause an increased potency
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of citalopram and paroxetine in the TST (Mazalouskas et al.,
2015). Recapitulation of a coding polymorphism in the human
ITGB3 gene (Oliver et al., 2014) by the knock-in of Pro*?Pro®* in
Itgb3 also reduces SERT serotonin reuptake, via integrin avp3’s
actions on intracellular signaling pathways (Dohn et al.,, 2017).
Studies in human and mouse models also have linked integrin
B3 with antidepressant response (Fabbri et al., 2013; Probst-
Schendzielorz et al., 2015; Rzezniczek et al., 2016; Oved et al,,
2017).

In this study, we explore the role of integrin avf3 in
modulating citalopram response in the TST. We capitalized
on common signaling features observed in genetically altered
Itgb3 mice to identify novel pathways that can be targeted for
antidepressant response in the future. These are the first studies
examining the role of integrin avp3 in antidepressant response,
beyond those focusing on the serotonin system.

MATERIALS AND METHODS

Animals

Mouse studies were performed following Vanderbilt Institutional
Animal Care and Use Committee guidelines under protocols
M/12/167 and M/15/014. Conditional deletion of Itgh3 was
obtained by crossing floxed Itgh3 mice (Morgan et al., 2010)
with Nestin-Cre mice [B6.Cg-Tg (Nes-cre)1Kln/J; Jackson Lab,
#003771 (Tronche et al., 1999)], which were backcrossed five
generations into C57BL/6 background. Knock-in mice used
in this study were generated from crosses of heterozygous
C57BL/6 mice expressing one Pro*?Pro®® knock-in Itgb3 allele
(Oliver et al., 2014). All other experiments were performed on
C57BL/6 mice bred in house. Mice were group-housed with their
littermates, maintained on a 12-h light-dark cycle, and provided
with food and water ad libitum. We utilized mice of both sexes
(8-20 weeks of age). All experimenters were blinded to the
genotypes.

Tail Suspension Test

An automated TST device (Med Associates, St. Albans, VT,
United States) was used to measure the duration of behavioral
immobility. Each mouse had its tail passed through a clear
3 cm plastic tube before being suspended by the tail with
tape to a vertical aluminum bar connected to a strain gauge.
The following settings were used in all experiments: threshold
1: 7; gain: 8; time constant: 0.25; and resolution: 200 ms.
Citalopram (R/S citalopram hydrobromide; Sigma, St. Louis,
MO, United States) was prepared fresh daily by dissolving
the powder in 0.9% sterile saline. Drug was administered
by intraperitoneal injection in a volume of 0.01 ml/g body
weight and the dose was 0, 5, 20, or 30 mg/kg, calculated
as the weight of the base. Mice were injected with drug
or saline 30 min before a 6 min TST. Each mouse was
tested two times in the TST, with 1 week between testings,
which did not significant alter immobility time (Figure 1A).
A counterbalanced design was used, where half of the animals of
each genotype received citalopram in 1 week and the other half
in the following week. Data was analyzed by two-way repeated

measures ANOVA over the 6 min period for drug vs. genotype
comparisons.

A second set of experiments tested immobility responses
to citalopram in the presence of kinase inhibitors (ToCris,
Minneapolis, MN, United States). Three cohorts were used:
two for the FAK inhibitor PF-573228 (prepared in DMSO,
diluted in saline with a final concentration of 12.5% DMSO
and 2.5 mM of inhibitor) and one for the MEK inhibitor SL-
327 (prepared in DMSO, diluted with saline with a final DMSO
concentration of 12.5% and 1.5 mM SL-327). In these cohorts,
mice received saline or citalopram via intraperitoneal injection.
After 10 min, kinase inhibitor or 12.5% DMSO in saline (vehicle)
were administered intranasally (2.5 pl per nostril) and were
then tested in the TST after 20 min. Drugs were administered
intranasally as it allows the delivery of compounds that do not
cross the blood-brain barrier directly into the brain (Hanson
and Frey, 2008; Hanson et al., 2013). Mice were anesthetized
by inhaled isoflurane at 5% and a single volume (2.5 pl/nostril)
of drug or vehicle were delivered slowly dropwise to the nares
using a pipetman while the mouse was in a supine position. Each
mouse was randomly assigned to a combination of saline/vehicle,
saline/inhibitor, citalopram/vehicle or citalopram/inhibitor for
week 1 and another combination for testing on a second week.
In these experiments, data was analyzed by a two-way ANOVA
and group comparisons were performed using Bonferroni
corrections. Detailed statistical results showing F(pgy pra) and P
values for each experiment are described in the figure legends.

Marble Burying

A novel cage was prepared with a layer of Harlan T.7089
Diamond Soft bedding (Harlan Laboratories, Indianapolis, IN,
United States) covering the floor. This layer was 3 cm thick to
allow burying of glass marbles of 1.5 cm diameter. Each mouse
was removed from the TST apparatus and allowed to acclimate
in the novel cage for 30 min. Following the acclimation period,
the mouse was briefly removed from the novel cage, and 20 blue
glass marbles were placed in a four-by-five grid on top of the
bedding, with each marble spaced 2 cm apart. The mouse was
then returned to the novel cage and given 30 additional minutes
to explore and interact with the marbles without interference.
After this period, the number of marbles buried was quantified.
Data was analyzed using two-way ANOVA and post-tests were
corrected for multiple testing using Bonferroni. Detailed statistics
are presented in the figure legends.

Isolation of Presynaptic Boutons and
Antibody Array

Each array experiment consisted of two mice, one genetically
modified (Nestin-Cre cKO or Pro*?Pro® I tgb3 K1) and one wild-
type littermate, euthanized for dissections of midbrains. A total
of three biological replicates were performed for cKO mice, and
two for KI mice. Each array was completed in 1 day, including
synaptosomal preparation, protein labeling, and incubation with
microarray slide, and imaged the following day. We utilized
a commercially available microarray kit (Panorama® Antibody
Microarray (Cat. Number CSAA1), Sigma-Aldrich; St. Louis,
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FIGURE 1 | Genetic alterations in integrin avB3 function disrupt citalopram responses in the TST. (A) Effects of repeated TST testing on immobility time in C57BL/6
mice. Mice were tested after injection with saline for 6 min in the TST. Experiment was repeated once weekly, for three consecutive weeks. Repeated measures
one-way ANOVA: Time F(1 647,6.500) = 1.064, P = 0.3825; Individual (between rows) F(4,g) = 0.7768, P = 0.5708. (B) Citalopram dose-response curve in floxed /tgh3
lacking or expressing Cre under the control of the Nestin promoter (cKO). Two-way repeated measures (RM) ANOVA citalopram effect: Fo 36y = 6.172, P = 0.005;
genotype effect: F1,1g) = 0.8719, P = 0.3628; interaction effect: F(p 35y = 1.057, P = 0.379; subject (matching): F(1g 3s) = 2.597, P = 0.0072. Bonferroni-corrected
post-tests: f/f: saline vs. 30 mg/kg: P = 0.035, N = 10; cKO: saline vs. 30 mg/kg: P = 0.195, N = 10. Saline f/f vs. cKO: P = 0.387. (C) Immobility time in mice
expressing Ser®2GIn33 (WT) or Pro®2Pro3 (Kl) integrin p3 after dosing intraperitoneally (IP) with 30 mg/kg citalopram or saline control. Two-way repeated measures
(RM) ANOVA citalopram effect: F(1 gy = 16.70, P = 0.0027; genotype effect: F(1 g) = 4.557, P = 0.0615; interaction effect: 1,9y = 1.081, P = 0.3257; subject
(matching): Fg,9) = 1.636, P = 0.2664. Bonferroni-corrected post-tests: WT: saline vs. 30 mg/kg: P = 0.0141, N = 5; KI: saline vs. 30 mg/kg: P = 0.1004, N = 6.
(D-F) Schematic diagrams of protein networks identified in kinome studies. Synaptosomes were isolated from NestinCre and floxed littermates (D) or WT and Kl
littermates (E), and protein extracts were analyzed using antibody microarrays. Target proteins were converted to mouse gene codes for input into the online
STRING software, where network analysis was performed. Shown here are action outputs where each line linking gene nodes denotes a molecular action, as
depicted in the legends. (D) Network linking gene products with altered expression or phosphorylation levels between NestinCre and floxed littermates. (E) Network
of gene products that are altered in KI samples when compared to wild-type littermates. (F) Network of proteins that are commonly modified by genetic alterations in
Itgb3. In this diagram, we replaced Mus musculus gene names by protein names for clarity. Colored nodes, including both subunits of the integrin avB3 receptor,
FAK, and ERK2, were added during input. Nodes shown in white were added by STRING.

MO, United States) and followed the instructions for protein
extraction, labeling, hybridization, and analysis as provided by
the manufacturer. Synaptosomes were prepared as described
previously (Phillips et al., 2001). Detailed description of the
antibody array procedures can be found in the Supplementary
Material. In the first biological replicate genetically modified
samples were labeled with Cy3, whereas the wild-type control
was labeled with Cy5. In the following replicate, the labels were
reversed to compensate potential bias of binding of Cy3 and Cy5

to the protein samples. After incubation with proteins samples,
the slides were washed and scanned using an Odyssey® Imaging
system (LI-COR Biotechnology, Lincoln, NE, United States).
Images of scanned antibody microarrays were gridded and linked
to a protein print list. A blinded reviewer identified missing spots
and background signal. Two levels of normalization were used:
log ratios of Cy5 to Cy3 were determined between array replicates
to determine whether there was a bias for the fluorophore (e.g.,
compare cKO Cy3 and cKO Cy5 from two experiments). Then,
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within each biological replicate, data was normalized to GAPDH
fluorescence intensity. The Cy5 results were divided by the Cy3
results for each individual protein; proteins of interest were
identified by a Cy5/Cy3 ratio higher than 2 or lower than 0.5 in
all biological replicates. The list of proteins was converted into a
list of Mus musculus genes for network analysis in STRING' using
the actions output.

RESULTS

Genetic Alteration in /tgh3 Prevents
Citalopram From Reducing Immobility
Time in the TST

To examine the role of integrin avB3 on the citalopram response
in the TST, we generated mice lacking integrin B3 expression
in neuronal and glial precursors in the brain (cKO). A dose-
response curve for citalopram revealed that, while 30 mg/kg
citalopram elicited decreases in immobility in floxed littermates,
no reductions in immobility time were observed in cKO
mice (Figure 1B). We then tested the effects of 30 mg/kg
citalopram on mice expressing either Ser*’Gln** (WT) or
Pro2Pro’? (KI) integrin B3, as the latter present alterations in the
serotonin system (Dohn et al., 2017). No significant reductions
in immobility were observed in KI mice, whereas citalopram
reduced immobility times in WT controls (Figure 1C).

Kinome Analysis of Synaptosomes
Isolated From cKO and Kl Itgb3 Mice

As both genetic deletion of Itgh3 in the brain and constitutive
activation of integrin avp3 led to diminished sensitivity to
citalopram in the TST, we hypothesized that this acute response
to citalopram depends on common signaling pathways modified
in both mouse lines. To identify potential signaling pathways
that are commonly altered by integrin avf3 loss- or gain-of-
function, we performed kinome analysis using antibody arrays.
We utilized a commercially available antibody microarray that
allows for simultaneous quantification of phosphorylated and
non-phosphorylated proteins in control and target groups (Kopf
et al, 2005). Pathway analysis comparing ¢KO and floxed
Itgb3 controls (Figure 1D) revealed enrichment in proteins
involved in the regulation of cell cycle (GO: 0051726. False
discovery rate P = 6.597'%: Abll, Aktl, App, Bcl2ll, Ccndl,
Ccna2, Cdknla, Cdc6, Cdc27, Cdké6, Cdk7, Checkl, Check2,
E2fl, Mycl, Prkca, Trp53), some of which are also involved in
intracellular signal transduction (GO: 0035556. False discovery
rate: 2.09710: Abl1, Aktl, Card10, Ccna2, Casp9, Chek2, Diablo,
Dmd, E2fl, Myc, Nosl, Prkca, Ptk2b, Rasgrfl, and Smad4).
The analysis of proteins altered by constitutive activation of
avp3 revealed 25 gene products altered in KI samples, 11
of which participate in macromolecular subunit organization
(Figure 1E. GO: 0043933. False discovery rate: 0.000453: Actb,
Ezr, Hdac4, Hist1h3a, Hsp90aal, Kat2b, Tubb4a, Trp63, and Rb
form a protein complex, whereas Terfl, Nefh, and Celfl do not
participate in a macromolecular complex).

Uhttps://string-db.org

The list of common proteins altered by both gain- and loss-of-
function in integrin avp3 consists of: Bcl-x (encoded by Bcl2I1),
caspase recruitment domain family member 10 (Card10), cyclin
A2 (Ccna2) and histone H3.1 (Hist1h3a), which do not, as a
group, consist of a single signaling pathway. To identify potential
kinases that are proximal to integrin avf3 that could alter the
proteins identified by the antibody array, we added Ifgav and
Itgb3 and Ptk2 (which encodes for FAK, the downstream focal
adhesion kinase) and allowed STRING to add up to 10 nodes,
generating the network shown in Figure 1F. In addition to FAK,
paxillin and ERK2 (mitogen activated protein kinase 1, encoded
by Mapkl) were necessary nodes linking the integrin avf3
receptor and the cell cycle proteins identified in the antibody
arrays. Thus, we targeted those pathways in the behavioral
experiments that followed.

Inhibition of FAK and ERK Prevents
Citalopram From Reducing Immobility
Time in the TST

Immediately downstream of integrin avB3 activation lies FAK
recruitment to focal adhesions, phosphorylation, and activation,
which are all necessary steps for ERK activation. Therefore, we
tested whether inhibition of FAK by intranasal administration
of PF-573228 (2.5 pl per nostril at 2.5 mM) could potentiate
a suboptimal dose of citalopram in C57BL/6 mice. When
administered intraperitoneally, neither 15 mg/kg citalopram
(Crowley et al., 2005, 2006) or PF-573228 administration had
effects on immobility time (Figure 2A). To examine whether
these negative results were due to an inability of the drugs
to reach the central nervous system, we exposed mice to
the marble burying test. In this test, intranasal PF-573228
significantly decreased the number of marbles buried when
compared to vehicle alone without enhancing the effect of
citalopram (Figure 2B). These data suggest that FAK inhibition
may have anxiolytic effects, but not antidepressant effects when
tested in a behavior despair paradigm.

We then examined the potential for inhibition of FAK to
influence the effective dose of citalopram (30 mg/kg). In this
paradigm, we observed that intranasal PF-573228 administration
prevented citalopram from reducing time immobile in the TST,
recapitulating the effects observed in genetically modified Itgh3
mice (Figure 2C).

We then examined whether downregulation of ERK1/2 alter
citalopram responses by the inhibiting upstream kinase MEK1
with SL-327 (2.5 pl/nostril at 1.5 mM, or vehicle). We observed
that mice dosed with citalopram had a significant reduction
in immobility time, whereas those dosed with both SL-327
and citalopram had no alterations in immobility time, when
compared to vehicle controls (Figure 2D). Taken together, these
data indicate that inhibition of either FAK or ERK signaling
pathways prevent the positive actions of citalopram in the TST.

DISCUSSION
Here we provide evidence that appropriate integrin
avB3 function is necessary for citalopram response
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(2.5 mM) or saline 10 min after receiving an IP injection with a sub-optimal dose of citalopram (15 mg/kg). (A) FAK inhibition on immaobility time in the TST. Two-way
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salinepp + vehicleyy N = 12; citalopramp + vehicleyy N = 5; salinep + PF-573228 N = 10; Citalopramp + PF-573228)y N = 5. (D) Citalopram response in the TST
was measured after intranasal (IN) administration of the MEK inhibitor SL-327 (1.5 mM). Two-way ANOVA interaction effect: F(1 23) = 10.06, P = 0.0043; MEK
inhibitor effect: F(q 23y = 8.059, P = 0.0093; citalopram effect: F(1 23) = 7.989, P = 0.0096. Bonferroni-corrected post-tests: Salinejp + vehicley vs. citaloprampp +
vehicle: P = 0.0013. Number of animals: salinejp + vehiclen N = 9; citalopramip + vehicley N = 4; salinejp + SL-327y N = 9; citalopramip + SL-327y N = 5.

in the TST. We show that genetic alteration in the
murine integrin B3 gene (Ifgb3) and inhibition of
signaling pathways downstream of integrin avp3 prevent
citalopram from reducing immobility time in this in vivo
model.

The genetic models utilized in this study differentially
alter integrin function in the brain: the NestinCre conditional
knockout line (cKO) eliminates integrin avp3 activity, whereas
the Pro’2Pro®? knock-in line (KI) has constitutively activated
FAK-dependent signaling (Dohn et al., 2017). Elevated FAK
phosphorylation in serotonergic synapses in the Pro*?Pro** line
likely results in reduced focal adhesion turnover, which could
lead to reduced neuronal motility or synapse formation/pruning
that occur during development (Beggs et al., 2003; Xie et al,,
2003; Rico et al, 2004; Xie and Tsai, 2004; Chacon et al,
2012; An et al, 2018). As both these lines have in common
the loss of citalopram response in the TST, either dynamic
activation of integrin avp3 signaling or integrin avp3-dependent
circuit formation is necessary for the increased fighting response
triggered by citalopram. We tested the former hypothesis by
first identifying pathways that are altered in both mouse lines,

followed by acute inhibition of kinases that are converging
nodes in the cKO/KI signaling pathways. We exposed mice
to citalopram, followed by FAK or MEK inhibitors, and
observed no antidepressant response in the TST. Although
the role of ERK in stress response has been examined,
where ERK phosphorylation is enhanced upon exposure to
the TST (Iniguez et al, 2010; Galeotti and Ghelardini, 2012;
Leem et al, 2014) and ERK phosphorylation is modified
with antidepressant use (Carlini et al., 2012; Licznerski and
Duman, 2013), few studies have examined the involvement of
ERK phosphorylation in the actions of behavior paradigms in
response to antidepressants (Zeni et al., 2012). Importantly,
these inhibitors had no effects on their own, indicating that
FAK and ERK modulate citalopram response, but do not exert
antidepressant effects by themselves. Finally, these results suggest
that TST immobility is altered by integrin avB3 pathways in
a SERT-independent fashion, and may reveal more effective
targets.

The significance of these studies is thus far limited to
citalopram responses in this acute measurement of behavior
despair. Still, understanding the relationship between the acute
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effects of pharmacological treatment in the TST and the chronic
effects of these drugs in the clinical setting is important to
identify novel molecular targets that may be more efficacious
in treatment of mood disorders. Many of the studies targeted
at revealing the genetic basis for antidepressant response have
yielded few results. Single-cell analysis of peripheral cells have
pointed to alterations in multiple signaling pathways (Lago et al.,
2018), and pharmacogenomics of antidepressant response fail to
generate consistent results (Fabbri et al., 2018; Madsen et al,
2018; Rosenblat et al, 2018). Here, we propose that taking
into consideration the role of serotonin in mood disorders,
and utilizing a murine model with strong predictive value, can
reveal molecular targets that may have higher efficacy in the
clinic.
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Serotonin transporter, SERT (SLC64A for solute carrier family 6, member A4), is a
twelve transmembrane domain (TMDs) protein that assumes the uptake of serotonin
(5-HT) through dissipation of the Na™ gradient established by the electrogenic pump
Na/K ATPase. Abnormalities in 5-HT level and signaling have been associated with
various disorders of the central nervous system (CNS) such as depression, obsessive-
compulsive disorder, anxiety disorders, and autism spectrum disorder. Since the 50s,
SERT has raised a lot of interest as being the target of a class of antidepressants, the
Serotonin Selective Reuptake Inhibitors (SSRIs), used in clinics to combat depressive
states. Because of the refractoriness of two-third of patients to SSRI treatment, a
better understanding of the mechanisms regulating SERT functions is of priority. Here,
we review how genetic and epigenetic regulations, post-translational modifications of
SERT, and specific interactions between SERT and a set of diverse partners influence
SERT expression, trafficking to and away from the plasma membrane and activity, in
connection with the neuronal adaptive cell response to SSRI antidepressants.

Keywords: SERT, SSRIs, microRNAs, trafficking, phosphorylation, Na/K ATPase

INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) signaling in the central nervous system (CNS) modulates
several physiological functions, including sleep, mood, anxiety, appetite, cognition as well as
memory, and perception (for review see Olivier, 2015 and references therein), and in the periphery
gut and platelet functions (Mercado and Kilic, 2010; Mawe and Hoffman, 2013). The precise extent
and temporal dynamics of 5-HT signaling depend on control mechanisms that notably rely on
the clearance of the released neurotransmitter by the high affinity serotonin transporter (SERT or
5-HTT), and to a lesser extent, the low affinity, high capacity organic cation transporters (OCTs)
and the plasma membrane monoamine transporter (PMAT) at the cell surface, and the vesicular
monoamine transporter (VMAT) in storage granules (Amphoux et al., 2006; Koepsell et al., 2007;
Duan and Wang, 2010; Matthaeus et al., 2015).

Serotonin transporter (SLC64A for solute carrier family 6, member A4) belongs to the SLC6 gene
super family of Na™/Cl™-dependent transporters. The SERT encoding gene was first cloned from
rat brain and basophilic leukemia cells in 1991 (Blakely et al., 1991; Hoffman et al., 1991). Two years
after, the human SERT gene was cloned: it is present on chromosome 17q11.2 and contains 14/15
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exons spanning around 40 kb (Ramamoorthy et al., 1993). In
1992, SERT protein was purified to homogeneity from human
platelets (Launay et al., 1992). SERT is a 12 transmembrane
domain (TMDs) protein containing two sites of N-linked
glycosylation (Launay et al., 1992; Figure 1). This transporter
is mainly located in cholesterol-rich membrane microdomains,
also called lipid-rafts that act as platforms for the regulated
assembly and functioning of signaling receptors and transporters
(Allen et al., 2007). The N- and C-terminal regions of SERT dip
into the cytosol and interact with several proteins that define,
at least in part, the localization, stability and activity of SERT.
Cytoplasmic domains located between TMDs also contain sites
of post-translational modifications, showing that 5-HT transport
is a highly regulated process.

Serotonin transporter assumes the active co-uptake of 5-HT
and Cl~ ion using as the energy force the Na™ gradient created
by the plasma membrane Na/K ATPase (Rudnick, 1977). It is
generally admitted that SERT-mediated uptake of one 5-HT (a
monovalent cation at physiological pH) with one Na™ and one
Cl™ is electroneutral as the transport of the transmitter and ions
is coupled to the efflux of one KT ion (Rudnick and Nelson,
1978). However, SERT-mediated 5-HT uptake was shown to
generate currents and to be electrogenic. This means the fixed
stoichiometry of 5-HT and ions is probably not the only valid
model for 5-HT transport and SERT may display ion channel-
like property (for review, see De Felice, 2016 and references
therein). In any case, in serotonergic neurons, serotonin uptaken
by SERT adds to that synthesized de novo and increases
the intracellular neurotransmitter pool. Three-Dimensional-
Quantitative Structure-Activity Relationships studies allowed to
show that SERT selectively uptakes specific 5-HT conformers
with anti, —gauche and +gauche side-chain conformation, and to
identify chemical determinants of the 5-HT molecule critical for
5-HT interaction with SERT (Pratuangdejkul et al., 2005, 2008).

Dysregulation of 5-HT signaling has been linked to several
CNS-associated disorders such as depression, obsessive-
compulsive disorder, anxiety disorders, and autism spectrum

SERT

extracellular

NH2

(@) Glycosylation sites
® Phosphorylation sites

FIGURE 1 | Schematic representation of SERT. SERT protein displays two
N-linked glycosylation sites in the extracellular loop 2 (Launay et al., 1992;
Tate and Blakely, 1994) and several sites of phosphorylation located in the N-
and C-termini and in intracellular loops 1 and 2 (Vaughan, 2004; Sorensen
etal., 2014),

disorder (Murphy et al., 2004; Murphy and Lesch, 2008).
Intensive researches have been carried out from the 50s to
develop therapeutic compounds that antagonize SERT activity in
order to maintain a tonic concentration of 5-HT at the synapse
and/or in the surrounding milieu of serotonergic neurons.
A particularity of the serotonergic system is to release 5-HT from
extrasynaptic sites, the soma (Kaushalya et al., 2008; Trueta et al.,
2012) and neuritic varicosities (Tork, 1990). 5-HT then acts as
a volume transmitter involved in paracrine neuromodulation
effects (Fuxe et al., 2007). In this context, drugs targeting SERT
are serotonin reuptake inhibitors such as tricyclic inhibitors (e.g.,
imipramine), selective serotonin reuptake inhibitors (SSRIs, e.g.,
paroxetine and fluoxetine [Prozac®]), or compounds that lead
to transport reversal (e.g., drugs of abuse such as amphetamines
derivatives like MDMA, “ectasy”). However, the 3-week delay for
beneficial effects of SSRIs treatment in patients with a depressive
disorder [(Machado-Vieira et al., 2010) and references therein],
and the fact that two thirds of the patients do not respond to
antidepressants (Fava, 2003; Fekadu et al., 2009), reflect complex
regulatory mechanisms of SERT that deserve considerations to
better understand the functioning of SERT molecule and refine
the options that would modulate 5-HT clearance by SERT in
patients suffering from neuropsychiatric disorders. We will here
review our current knowledge of the mechanisms that contribute
to regulation of SERT activity and how specific regulation
pathways render SERT responsive to antidepressant action.

GENETIC AND TRANSCRIPTIONAL
REGULATIONS OF SERT GENE
EXPRESSION

Several lines of evidence support that SERT expression
and activity are influenced by genetic variations of SERT
encoding gene. Variations in the serotonin-transporter-gene-
linked polymorphic region (5-HTTLPR) located ~1.2 kb
upstream of the transcription start site have been shown to
influence SERT expression and function. Lesch et al. (1996)
found that the short promoter variant (S) containing 14 tandem
repeats is associated with lower transcriptional activity, leading
to reduced expression of SERT compared to the long (L)
allelic variant composed of 16 repeats. Based on epidemiological
studies, a link between such functional polymorphism in the
SERT promoter and the susceptibility to life stress related
depression has been proposed (Caspi et al., 2003). Ten years later,
the identification of the single-nucleotide polymorphisms (SNPs)
rs25531 (Hu et al., 2006) and rs25532 (Wendland et al., 2008)
close to the 5-HTTLPR added allele variants that in combination
with the L and S alleles contribute to the modulation of SERT
expression and activity. Other mutations have also been described
in SERT exon sequences (SERT 1425V, G56A...) (Glatt et al,
2001; Prasad et al., 2005). Some of them lead to an increase of
5-HT uptake (Kilic et al., 2003) and/or alter SERT regulation by
PKG and p38-MAPK signaling pathways (Prasad et al., 2005).

A second polymorphism region was evidenced in intron
2 (STin2) of the human SERT gene (Ogilvie et al., 1996).
This region consists of a variable number of tandem repeats
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(VNTR) with 9 (STin2.9), 10 (STin2.10), or 12 (STin2.12) copies
of a 16/17 bp element. Using mouse embryos or embryonic
stem cells, the STin2 polymorphism was shown to function as
transcriptional regulator (Fiskerstrand et al.,, 1999; MacKenzie
and Quinn, 1999). Further in vitro analyses demonstrated that
STin2 and 5-HTTLPR can contribute in concert to the gene
expression (Ali et al., 2010) suggesting that combinations of
VNTRs could modulate in vivo the level of expression of
SERT, and thus the amount of SERT present at the plasma
membrane and thereby modifying the efficacy of SERT-mediated
5-HT uptake.

In the 3'-untranslated (UTR) region of the SERT gene, two
polyadenylation sites located 567 and 690 bp downstream of
the stop codon have been reported, as well as a common SNP
(rs3813034) present in the distal polyA signal (Battersby et al.,
1999; Gyawali et al., 2010). This polymorphism of the 3'-UTR
may influence the translation, localization, and stability of SERT
mRNA. However, it is presently unknown how polymorphisms
in the 3'-UTR of SERT mRNA (ie., mutations, SNP, polyA
tail length,...) impact on the capacity of (i) the translation
machinery, (ii) RNA binding factors that pilot localization of
mRNA in polarized cells, (iii) RNA binding proteins that stabilize
the transcripts, and/or (iv) microRNAs that regulate mRNA
expression, to interact with the SERT mRNA.

Since the complete characterization of SERT gene promoter in
1998 (Heils et al., 1998), a combination of positive and negative
signals and factors were shown to influence SERT transcription
in developing and adult brain serotonergic neurons of raphe
nuclei. This notably includes the Pet-1 transcription factor that
plays a critical role in the speciation, development and regulation
of the serotonergic system (Hendricks et al., 1999; Goridis and
Rohrer, 2002). A Pet-1 binding site is located upstream of the
SERT encoding gene and Pet-1 binding was shown to increase
SERT gene transcription in vitro (Hendricks et al., 1999). Lmx1b
is another transcription factor that acts with Pet-1 to regulate the
expression of SERT, as well as of other proteins related to the
serotonergic system, including tryptophan hydroxylase (TPH)
and VMAT. Selective inactivation of Lmxlb in serotonergic
neurons of the raphe nuclei of adult mice leads to dramatic down-
regulation of SERT, TPH, and VMAT expression, despite normal
Petl level (Song et al., 2011).

Because of the presence of a cyclic AMP (cAMP) response
element-like motif (CRE) in SERT promoter, cAMP signaling
can also stimulate SERT gene transcription (Heils et al,
1998). In line with this, SERT transcription in the mouse
midbrain is influenced by the dark/light alternation, with
higher levels of SERT mRNA during the dark phase than
during the light phase. In mouse, the expression of SERT
mRNA follows a 24 h oscillation rhythm and depends on
the clockwork system as well as the ATF4 transcription
factor that sustains circadian oscillations of CRE-mediated gene
expression and binds the CRE site of the SERT promoter
(Ushijima et al., 2012). At the mRNA and protein level, the
ATF4 transcription factor itself was shown to vary in the
mid-brain of mice according to a 24-h rhythm with higher
levels in the dark phase (Ushijima et al, 2012). Such time-
dependent variations of ATF4 amount depend on the clockwork

system as they are no longer observed in Clock mutant mice
(Ushijima et al., 2012). With the help of the 1C11 inducible
neuronal stem cell line that differentiates into serotonergic
neuronal cells (1C11°HT) (Buc et al., 1990; Mouillet-Richard
et al., 2000), our laboratory provided evidence that the onset
of SERT protein and activity obeys to a mechanism linked
to the neuronal differentiation of 1CI1 stem cells (Launay
et al., 2006). SERT encoding mRNAs are present at the stem
cell stage, but are dormant. Exposure of 1C11 precursors to
dibutyril cyclic AMP (dbcAMP) to recruit the serotonergic
neuronal program does not affect SERT mRNA level, but
promotes a rise in the length of SERT mRNA polyA tail
(4200 base pairs) that precedes SERT translation and trafficking
to the plasma membrane (Launay et al, 2006). Yammamoto
et al. (2013) also reported dbcAMP-dependent induction of
SERT expression along neural differentiation of SERT-transfected
RN46A cells derived from embryonic rat raphe nuclei that
depended on protein kinase A (PKA) activity and was further
associated with reduced degradation rate of the SERT protein.
cAMP signaling thus contributes to the control of SERT
expression at multiple levels: gene transcription by acting on
the SERT promoter through CRE regions, polyadenylation
of the SERT mRNA along neuronal differentiation that
unlocks the translation of SERT, and increased stability of the
SERT protein.

Glucocorticoid signaling was also shown to positively
influence SERT gene transcription in human lymphoblastoid cells
(Glatz et al., 2003) as well as in serotonergic neurons (Lau et al.,
2013). In the latter case, glucocorticoid-induced SERT expression
likely underlies the contribution of the hypothalamo-pituitary-
adrenal axis (also called stress axis) to modulation of serotonergic
functions in raphe nuclei (Lau et al, 2013) and the possible
protective function of glucocorticoids in the regulation of
emotional behavior as shown by reduced exploratory behavior in
zebrafish mutants defective for the expression of glucocorticoid
receptor (Ziv et al.,, 2013). Of note, dysregulation of the stress
axis indeed represents a hallmark of major depression in human
patients (Pittenger and Duman, 2008; Keller et al., 2017).

A growing body of evidence indicates a role of the immune
system and inflammation in the pathophysiology of neurological
disorders, including depression (Furtado and Katzman, 2015;
Robson et al.,, 2017; Leonard, 2018), anxiety (Salim et al., 2012;
Reader et al., 2015) or autism spectrum disorders (Gesundheit
et al, 2013). Among cytokines and interleukins produced
along the inflammation process, interleukin 1 (IL1) upregulates
SERT translation in JAR human placental choriocarcinoma
cells (Ramamoorthy et al., 1995), possibly through signaling
pathways involving MAP kinases and NF-kappaB transcription
factor (Kekuda et al., 2000). On the contrary, interleukin 6
(IL6) was shown to negatively act on SERT gene transcription.
SERT expression in the hippocampus is reduced upon mouse
treatment with IL6, which can be counteracted upon inhibition
of the STAT3 transcription factor (Kong et al, 2015). One
would expect an anti-depressive action of IL6 treatment that
contrasts with sustained elevation of IL6 levels in patients with
major depressive disorders and depressive-like phenotype of
mice injected with recombinant IL-6 (Sukoff Rizzo et al., 2012).
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Further investigations are needed to delineate how IL6-mediated
SERT reduction leads to depressive states.

REGULATION OF SERT TRAFFICKING

A second layer of SERT regulations concerns the trafficking and
bioavailability of the serotonin transporter at specific plasma
membrane subdomains to achieve localized clearance of 5-HT.

First evidence comes from the observation that depletion of
cholesterol in membranes of human embryonic kidney 293 cells
stably expressing rat SERT decreases SERT activity (Scanlon et al.,
2001). Magnani et al. (2004) then reported a partitioning of
SERT molecules to a subpopulation of lipid rafts of the plasma
membrane in the rat brain. Cholesterol present in the membrane
bilayer affects the conformation of SERT and its transport kinetics
parameters through binding to the SERT conserved cholesterol
site 1 located in a hydrophobic groove between TMD1a, TMD5,
and TMD7 (Laursen et al, 2018). Beyond cholesterol, SERT
activity, and SERT trafficking to the plasma membrane could
be influenced by phosphatidylinositol-4,5-biphosphate (PIP2),
whose binding to SERT in the endoplasmic reticulum (ER) was
reported to drive the oligomerization of SERT, to target SERT
homo-oligomers to the cell surface and to positively impact on
SERT activity (Anderluh et al., 2017). How PIP2 level impact on
SERT present at the plasma membrane is presently unknown,
since PIP2 levels drop down at the plasma membrane due to
its conversion into inositol triphosphate (IP3) and diacylglycerol
(DAG) by phospholipase C.

From a structural point of view, the carboxyl terminus of
SERT is a critical domain of the transporter necessary for its
delivery to the plasma membrane. SERT molecules truncated for
17-30 amino-acid residues in the C-terminal region in fact lack
mature glycosylation and fail to reach the cell surface during the
synthesis/secretory process (Larsen et al., 2006; Nobukuni et al.,
2009). Specific subdomains of the C-terminus would influence
human SERT folding and the formation of a docking site for
a coat protein (COPII) component necessary to export SERT
from the ER to the plasma membrane (El-Kasaby et al., 2010),
and/or limit the influence of Heat Shock Proteins on SERT
retention in the ER (El-Kasaby et al., 2014). The study by Ahmed
et al. (2008) reinforces the role of the C-terminus of SERT for
translocation of the transporter from intracellular compartments
to the plasma membrane. Starting from the observation that
the density of SERT molecules is reduced at the cell surface of
platelets when plasmatic concentrations of 5-HT are elevated,
the authors provided evidence that this high level of 5-HT
causes 5-HT transamidation (serotonylation) of the small GTPase
Rab4 within platelets, leading to the stabilization of Rab4 in
its active GTP-bound form, binding of Rab4 to the cytoplasmic
C-terminus part of SERT and retention of the transporter in
intracellular compartments (Ahmed et al., 2008). Such impact
of an excess of 5-HT on SERT trafficking in platelets can be
viewed as a way to maintain an external tonic 5-HT concentration
for regulating/amplifying blood functions, such as platelet
aggregation (Walther et al., 2003). On the other hand, the direct
interaction of the C-terminus of SERT with active integrin aITbf3

enhances SERT activity that correlates with increased SERT
expression at the surface of transfected HEK293 cells (Carneiro
et al., 2008). Refining the functional interaction between integrin
B3 and SERT, Mazalouskas et al. (2015) provided evidence for
tight modulation of the activity of a subpopulation of SERT
molecules by the avf3 integrin receptor subtype in the midbrain
at serotonergic synapses. Partial neuronal depletion of integrin
B3 subunit in mice reduces SERT-mediated 5-HT uptake in
midbrain synaptosomes by scaling down the population size
of active SERT molecules (Mazalouskas et al., 2015). In this
context, polymorphism in human integrin 83 has been suggested
to impact on the responsiveness of some patients to SSRIs.
Interestingly, decrease of SERT cell surface localization and 5-HT
uptake was reported upon interaction of Nitric Oxide synthase,
through its PDZ domain, with SERT C-terminus (Chanrion
et al,, 2007). Thus, SERT trafficking to or away from the plasma
membrane depends on the protagonists interacting with the
carboxy-terminal domain of SERT.

Association of diverse proteins to SERT regions distinct
from the C-terminus has also been shown to influence the
trafficking of SERT. This includes the secretory carrier membrane
protein 2 (SCAMP2) that interacts with the N-terminus of
SERT, leading to subcellular redistribution of SERT, with a
reduction of its density at the cell surface (Muller et al., 2006).
Some other proteins, whose SERT binding site has not yet
been identified, also impact on SERT localization. a-synuclein,
a protein mainly known for its implication in Parkinson’s
disease, binds SERT through direct protein-protein interactions
via the non-AB-amyloid component domain of the a-synuclein
protein and promotes SERT internalization, accounting for
reduced 5-HT uptake (Wersinger et al.,, 2006; Wersinger and
Sidhu, 2009). The membrane glycoprotein M6B, a proteolipid
notably expressed in neurons and oligodendrocytes in the
brain, interacts with SERT, down-regulates its trafficking to
and/or stability at the plasma membrane, and thereby decreases
SERT-mediated serotonin uptake in transfected cells (Fjorback
et al, 2009). Formation of a hetero-complex between SERT
and ASCT2 (for alanine-serine-cysteine-threonine2), a solute
carrier 1 family member co-expressed with SERT in serotonergic
neurons and involved in the plasma membrane transport of
neutral amino acids, also reduces cell surface localization of SERT
and SERT activity (Seyer et al., 2016). Although the mechanism
remains elusive, interaction of SERT with the vesicle-associated
membrane protein 2 (VAMP-2), a SNARE protein involved in the
vesicle fusion with the plasma membrane, positively influences
SERT translocation to the plasma membrane and thereby SERT
function (Muller et al., 2014).

A complex signaling network involving kinases and
phosphatases has also been shown to largely influence the
presence of SERT at the cell surface. Exploiting the non-neuronal
HEK-293 cell system, Ramamoorthy et al. (1998) reported the
internalization of the transfected human SERT through a protein
kinase C (PKC)-dependent pathway, leading to reduced 5-HT
uptake. PKC-dependent internalization of SERT would depend
on SERT interaction with the LIM domain adaptor protein
Hic-5 (Carneiro and Blakely, 2006). The same group further
showed in rat basophilic leukemia 2H3 cells that protein kinase
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G (PKG)-connected pathways enhance SERT surface trafficking
(Zhu et al., 2004). Another protagonist that positively influences
SERT presence at the plasma membrane is the Akt/PKB protein
kinase, as the inhibition of Aktl and Akt2 reduces SERT export
to the plasma membrane, possibly through post-translational
modification of SERT by phosphorylation (Rajamanickam et al.,
2015). The Ca®*-activated protein phosphatase calcineurin was
shown to influence both in vitro and in vivo SERT trafficking
to the plasma membrane (Seimandi et al., 2013): both catalytic
and regulatory subunits of calcineurin bind SERT C-terminus
and the physical association of calcineurin with SERT depends
on calcineurin phosphatase activity. Calcineurin interaction
with SERT was shown to prevent reduction of SERT uptake
activity induced by PKC-mediated SERT phosphorylation.
Unexpectedly, constitutive calcineurin activation in mice
generates antidepressant-like effects, that is, reduced immobility
in the forced swim test (Seimandi et al., 2013). How calcineurin
contributes to antidepressant effects remains largely elusive and
needs extensive investigations (Seimandi et al., 2013).

Supporting the idea that modification of SERT trafficking
could underlie the beneficial action of antidepressants, Schloss’s
laboratory showed that exposure of 1C11-derived serotonergic
neurons to citalopram, and to a lesser extent, fluoxetine,
paroxetine, and sertraline, reduces the level of SERT molecules
present at the neuronal cell surface (notably in neurites) through
SERT internalization and redistribution to the cell body (Lau
et al., 2008; Kittler et al., 2010; Matthaus et al., 2016). The
consequence is a reduction of 5-HT uptake and increase of the
external 5-HT concentration. How SSRI antidepressants promote
endocytosis of SERT molecules and their redistribution to the
soma is unknown and needs further investigations.

REGULATION OF SERT UPTAKE
ACTIVITY

Beyond the impact of phosphorylations on SERT
trafficking/residence at the plasma membrane, phosphorylation
steps also impact on SERT uptake activity. In SERT-transfected
CHO cells, activation of p38-MAP kinase downstream from
PKG in adenosine receptor-coupled signaling pathways with a
critical implication of the protein phosphatase 2A was shown to
up-regulate SERT catalytic activity (Zhu et al., 2005). Although
it remains controversial (Andreetta et al.,, 2013; Schwamborn
et al,, 2016), implication of p38-MAPK in the upregulation of
SERT activity induced by IL1B and TNFa was observed in the
mouse midbrain and striatal synaptosomes (Zhu et al., 2006,
2010). Ramamoorthy et al. (2007) further provided evidence
that PKG activation does not affect SERT surface abundance,
excluding that the increase of SERT activity originates from
enhanced trafficking of SERT to the plasma membrane. In that
study, the authors firstly identified Thr276 of the SERT molecule,
as a site whose phosphorylation by PKG augments the Vmax of
SERT-mediated 5-HT uptake (Zhang et al., 2016). In addition to
Thr276, five other residues located in the N- and C-termini and
in intracellular loop 1 and 2 of the SERT molecule were identified
by liquid-chromatography-tandem mass spectrometry as

phosphorylation sites. These are Ser149/Ser277/Thr603 for PKC,
Ser13 for CaMKII, and Thr616 for p38MAPK (Sorensen et al.,
2014). Tyrosine phosphorylations of SERT by signaling pathways
coupled to Src kinase activity, including Syk, were also shown
to positively influence SERT-mediated 5-HT accumulation in
dense granules of platelets (Zarpellon et al., 2008; Pavanetto et al.,
2011), but Tyr residue(s) involved remain(s) to be identified.

In human placenta choriocarcinoma cell line (Sakai et al.,
1997) as well as in rat platelets (Jayanthi et al., 2005), activation
of PKC by phorbol esters triggers rapid inhibition of SERT
uptake activity associated with decreased Vmax and sometimes
increased Km. Such reduction of SERT intrinsic activity
depends on PKC-mediated phosphorylations of SERT present
at the plasma membrane on Ser residues. This step precedes
the PKC-mediated internalization of SERT, due to additional
phosphorylations on Thr residues, thus sustaining strong
reduction of SERT activity because of enhanced endocytosis of
SERT (Jayanthi et al., 2005; Carneiro and Blakely, 2006). The
direct phosphorylation of SERT by PKC has been questioned in
a study by Sakai et al. (2000), which showed that the negative
action of PKC on SERT activity rather depends, at least in part,
on the disruption of F-actin cytoskeleton and morphological
cell changes.

Interestingly, in HEK-293 cells transfected with SERT, 5-
HT counteracts PKC-dependent SERT phosphorylation and
rescues SERT uptake activity (Ramamoorthy and Blakely, 1999).
With the help of prefrontocortical synaptosomes, Awtry and
colleagues further report that PKA, downstream nicotinic
acetylcholine receptors-coupled signaling pathways, increases
SERT activity. Nicotine-induced increase of 5-HT levels in
the brain prefrontal cortex may account for the effects of
nicotine on behaviors such as cognition, reward and memory
(Awtry et al, 2006). Through pharmacological approaches
using agonists and antagonists of serotonergic 5-HT,p receptor
(5-HT2gR) subtype, our laboratory showed that 5-HT;gR
signaling underlies the action of 5-HT on the control of
SERT uptake activity and its energy source, the Na/K ATPase
electrogenic pump (Figure 2; Launay et al., 2006). In serotonergic
1C11°~HT neuronal cells as well as in primary neuronal culture
derived from embryonic raphe nuclei, 5-HT;gR governs the
phosphorylation state of both SERT and Na/K ATPase. At low 5-
HT concentration [1-2 nM, as in in vivo physiological conditions
(Brand and Anderson, 2011)], the intrinsic 5-HT»gR coupling
to NOS and the subsequent activation of PKG ensure SERT
phosphorylation to basal level that correlates with maximal
5-HT uptake. In these conditions, SERT molecules are fully
competent for binding cocaine and paroxetine. In excess of
5-HT, 5-HT,gR coupling to the IP3/PKC pathway promotes
additional phosphorylation of SERT and in parallel enhances
the phosphorylation level of the Na/K ATPase. PKC-mediated
phosphorylation of Ser residues in the N-terminus of the
alpha subunit of Na/K ATPase was shown to reduce pump
activity through mechanisms that remain elusive, but that could
relate to the acquisition of an altered structure caused by the
phosphorylations and/or the endocytosis of the Na/K ATPase
(for review, see Poulsen et al., 2010 and references therein).
In any case, SERT hyperphosphorylation combined to the
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FIGURE 2 | Regulation of SERT function by the serotonergic receptor 5-HTog in 1C115-HT neuronal cells. At low 5-HT concentration, 5-HT,gRs through its NO
signaling coupling ensure a basal phosphorylation level of SERT, endowing it with an optimal 5-HT uptake activity. All SERT molecules are able to bind
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phosphorylation rise of Na/K ATPase reduces 5-HT transport
efficacy (Figure 2). Importantly, the population of SERT
molecules hyperphosphorylated upon 5-HT,gR stimulation loose
their ability to bind paroxetine. As hyperphosphorylated SERT
keeps its capacity to bind cocaine at the plasma membrane of
neuronal cells, reduced SERT uptake activity and reduced SERT
binding of SSRIs are not attributable to SERT internalization
induced by excess of 5-HT. The impact of 5-HT and 5-
HT,gR signaling on SERT uptake activity can be viewed as
a feedback loop that in fine permits keeping extracellular
serotonin at tonic concentrations necessary for regulating sleep,
mood, appetite, and some cognitive functions. In addition
to influencing SERT function, 5-HT;pR-dependent control
of Na/K ATPase activity would have a broader action by
impacting other transporters whose activity depends on this
electrogenic pump. Of note, the fact that stimulation of 5-
HT,sR promotes SERT hyperphosphorylation and thereby
reduces SERT sensitivity to antidepressants may explain, at
least partly, the resistance of some patients to antidepressant
treatment and/or the time-delay of the antidepressant response.
Whatever their phosphorylation state, the half-life of SERT
molecules present at the plasma membrane of serotonergic
neurons is unknown. Considering that hyperphosphorylated
SERT, which is non-competent for antidepressant recognition

and thereby confers resistance to antidepressant action, may
stay at the surface of serotonergic neurons even if external
5-HT concentration collapses (depressive situations), binding
of SSRIs to SERT will depend on the neo-synthesis and
trafficking of non-, or poorly phosphorylated SERT to the
plasma membrane, a process whose kinetics could take several
days. Further investigations are therefore needed to appreciate
the stability of the different phosphorylated forms of SERT at
the plasma membrane and their turnovers in fully integrated
serotonergic systems.

EPIGENETIC REGULATION OF SERT
EXPRESSION AND ACTIVITY

Over the past decade, evidence has accumulated that SERT
expression and thereby its functions are also governed by
epigenetic regulation, including DNA methylation, histone
modifications and microRNAs. In this respect, it has been shown
that in lymphoblast cell lines, methylation of CpG island nearby
the untranslated exonlA of SERT encoding gene is associated
with reduced levels of SERT mRNA, an effect that depends on
5HTTLPR genotype (Philibert et al., 2007). Accordingly, Kinnally
et al. (2010) reported that in rhesus macaques, the short allele
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rh5HTTLRP presented higher level of CpG methylation than the
longer one, which was associated with reduced SERT expression
in peripheral blood mononuclear cells. Further, using a luciferase
reporter construct, Wang et al. showed in vitro reduced SERT
transcription when its promoter is methylated in JAR cells (Wang
et al, 2012). However, a role of DNA methylation in SERT
regulation is still at the heart of debates since Wankerl et al. (2014)
observed in their cohort of 133 healthy young participants that
variations of SERT mRNA level appear to be independent of DNA
methylation profiles within the SERT CpG island.

In few reports, modifications in the acetylation status of
histones were found to impact on SERT expression. Histone
deacetylases (HDAC) inhibitors [butyrate, trichostatin A (TSA)]
or knockdown of HDAC2 (but not HDAC1) by RNA interference
in the human intestinal epithelial cell line Caco-2 reduced SERT
mRNA and protein levels (Gill et al., 2013). By contrast, in
several tumor cell lines (HD11, HepG2, THP-1...), addition of
TSA or siRNA-mediating silencing of HDAC1 enhanced the
expression of SERT mRNA, leading to an increase of 5-HT uptake
(Phi van et al., 2015).

Another layer of epigenetic control of SERT level relies on
microRNAs that are small non-coding RNA able to interact with
the 3’ untranslated region (3'UTR) of the mRNA of target genes
and block their translation. In 2010, our laboratory identified the
microRNA miR-16 as a regulator of SERT expression (Baudry
et al,, 2010; Figure 3). The level of miR-16 is low in serotonergic
neurons (1C11°"HT cells or raphe nuclei), where SERT is
expressed. In contrast, miR-16 is abundant in noradrenergic
neurons (1C11NE cells or locus coeruleus) and prevents the
translation of SERT mRNA. We established that variation of miR-
16 level sustains the antidepressant action of fluoxetine (Baudry
et al,, 2010; Launay et al.,, 2011). In mice, fluoxetine increases
miR-16 in serotonergic neurons of raphe nuclei, which in turn
decreases SERT protein level as observed in Prozac®-treated
patients (Benmansour et al, 2002), thus increasing external
5-HT concentration. From a mechanistic point of view, the
rise of miR-16 induced by fluoxetine in serotonergic neurons
results from an increased maturation of pri/pre-miR-16 through
a GSK3p-dependent process. Moreover, the fluoxetine action on
raphe creates a dialog between raphe and locus coeruleus, and
between raphe and hippocampus:

(i) Fluoxetine provokes the release of the neurotrophic factor
S100P by serotonergic neurons that acts on noradrenergic
neurons of the locus coeruleus. S100B signaling reduces
miR-16 level in noradrenergic neurons, which unlocks
the expression of SERT, but also of other serotonergic
functions, including the expression of TPH. Noradrenergic
neurons acquired a mixed noradrenergic/serotonergic
phenotype and thus become a new source of serotonin in
the brain (Baudry et al., 2010; Figure 4).

(ii) Fluoxetine also provokes the secretion of BNDE, Wnt2, and
15dPGJ2 by serotonergic neurons that act in synergy on
another raphe-connected structure, the hippocampus. The
cocktail of the three molecules decreases miR-16 levels in
the hippocampus, which again unlocks SERT expression,
but also enhances the level of a second miR-16 target,

the anti-apoptotic factor bcl2, and sustains neurogenesis
(Launay et al., 2011). Of note, the levels of BDNE, Wnt2,
and 15dPGJ2 are augmented in vivo not only in the
CSFs of mice but also in patients treated with Prozac®
(Launay et al,, 2011).

Finally, using mouse models of depression, we observed that
the upregulation of miR-16 in raphe or the downregulation of
miR-16 in the locus coeruleus (Baudry et al., 2010) or in the
hippocampus (Launay et al., 2011) provoke behavioral responses
that compare to those induced by fluoxetine. Accordingly, Yang
et al. (2017) reported that miR-16 administration in raphe nuclei
or intragastric injections of fluoxetine in chronic unpredicted
mild stress model rats for 3 weeks lead to similar improvement
of depressive behavioral changes.

Can the fluoxetine-induced dialogs between raphe and locus
coeruleus, or raphe and hippocampus account for the time-delay
of action of antidepressants? Depression seems strongly related
to a loss in the number of neurons and synapses in several
brain structures, including the hippocampus and prefrontal
cortex (Drevets et al., 1997; Hercher et al., 2009). Post-mortem
studies indeed revealed hippocampal atrophy in cases of major
depressive disorder, which can be reversed by antidepressant
treatment (Duman, 2004; MacQueen and Frodl, 2011) through
stimulation of hippocampal neurogenesis and synaptogenesis
(Duman, 2004; Boldrini et al., 2009). Of note, these processes
are slow. In response to antidepressants, the neuronal plasticity
of noradrenergic neurons, but more likely the hippocampal
neurogenesis orchestrated by the raphe nuclei, might account for
the delay in the action of antidepressants.

Nevertheless, the picture is likely more complicated. SERT
mRNA occurs in two alternative polyadenylated forms: a short
form and a ~125 bp longer form, which is associated with
reduced anxiety-related behavior (Gyawali et al., 2010; Hartley
et al., 2012). miR-16 blocks translation of both polyadenylated
forms of the SERT mRNA (Yoon et al., 2013). However, Yoon
et al. showed that the miR-16 regulation of SERT expression
was modulated by a RNA binding protein hnRNPK after S1008
addition in rat C6 astroglioma cells and RN46A brain raphe
cells. S100p-induced Src kinases phosphorylate hnRNPK, which
in turn displaces miR-16 from long polyadenylated SERT mRNA
and allows its translation (Yoon et al., 2013). Thus, hnRNPK adds
another layer for regulation of SERT expression specific to long
polyadenylation forms of SERT mRNAs.

In addition to miR-16, other microRNAs were found to
interact with the 3’'UTR of the SERT mRNA and inhibit its
translation (Figure 3). Among those, miR-15a, which belongs
to the same cluster as miR-16, was shown to regulate SERT
expression in the rat RN46A serotonergic cell line as well
as in human JAR cells (Moya et al, 2013). In 2014, Issler
and colleagues evidenced that viral-mediated overexpression of
another miR, miR-135a, in mouse raphe induces a decrease
of SERT protein level and reduces adverse effects of chronic
social defeat. Conversely, miR-135a knockdown leads to a
raise of SERT expression, an increase of anxiety-like behavior
and a reduced response to SSRIs. Upon SSRI antidepressant
administration to mice, upregulation of miR-135a level was
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observed in raphe nuclei (Issler et al, 2014). As for miR-
16, increase of miR-135a induced by antidepressants in
serotonergic neurons will repress SERT expression and thereby
SERT-mediated serotonin uptake, thus contributing to the
beneficial effect of antidepressants. miR-24 was identified as
a regulator of SERT expression in intestinal mucosa epithelial
cells (Liao et al., 2016). Patients suffering of irritable bowel
syndrome (IBS) as well as a IBS mouse model display high
levels of miR-24 and correlatively decreased SERT expression.
Treatment of IBS mice with a miR-24 inhibitor increases SERT
protein level and alleviates intestinal pain and inflammation
(Liao et al, 2016). More recently, miR-195 and miR-322,
in addition to miR-15 and miR-16, were found to inhibit
SERT expression after transfection in smooth muscle cells
(Gu et al., 2017).

Given the above findings, which receptors and downstream
signaling pathways regulate the level of SERT-targeting
microRNAs upon antidepressant action remain to be
identified. Finally, it will be also critical to evaluate how
antidepressants, by modulating microRNA expressions, modify
the neuronal phenotype and, as for miR-16, promote changes of
neurotransmission in raphe-connected brain regions.

CONCLUSION

Since the enunciation in the 50s of the “monoamine theory of
affective disorders” that stipulates decreased levels of bioamines
in depressed patients, and the consecutive pharmaceutical
development of SSRI antidepressants in the 60s, how SSRIs exert
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their antidepressant action remained largely obscure for almost
50 years. By showing that fluoxetine (Prozac®) binding to SERT
not only blocks 5-HT uptake in serotonergic neurons, but also
creates a new source of serotonin in raphe nuclei-connected
locus coeruleus through modulations of miR-16 level, a huge
breakthrough has been made in our understanding of the mode
of action of some SSRI antidepressants that notably relies on the
neuronal plasticity of noradrenergic and hippocampal neurons
(Baudry et al., 2010; Launay et al., 2011). However, it is clear that
a consequent fraction of depressed patients is hyporesponsive
to SSRI antidepressants. The absence of antidepressant response
likely relates to a molecular state of SERT incompetent for SSRI
recognition. We illustrate in this review that multiple factors,
including SERT polymorphism, post-translational modifications
of SERT by phosphorylations, SERT partners, or SERT trafficking,
influence the presence of SERT at the plasma membrane and
competency to bind SSRI antidepressants. In this context, to
predict the success of a SSRI treatment in depressed patients,
the clinical rational would be first to determine SERT status in
those patients. Even if non-invasive imaging techniques permit
to delineate the density of SERT molecules in the human brain
(Meyer, 2007), post-translational modifications of SERT cannot
be addressed. Interestingly, SERT molecules expressed by blood
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Depression is a serious public health concern. Many patients are not effectively treated,
but in children and adolescents this problem is compounded by limited pharmaceutical
options. Currently, the Food and Drug Administration approves only two antidepressants
for use in these young populations. Both are selective serotonin reuptake inhibitors
(SSRIs). Compounding matters further, they are therapeutically less efficacious in
children and adolescents than in adults. Here, we review clinical and preclinical literature
describing the antidepressant efficacy of SSRIs in juveniles and adolescents. Since
the high-affinity serotonin transporter (SERT) is the primary target of SSRIs, we then
synthesize these reports with studies of SERT expression/function during juvenile and
adolescent periods. Preclinical literature reveals some striking parallels with clinical
studies, primary among them is that, like humans, juvenile and adolescent rodents
show reduced antidepressant-like responses to SSRIs. These findings underscore the
utility of preclinical assays designed to screen drugs for antidepressant efficacy across
ages. There is general agreement that SERT expression/function is lower in juveniles
and adolescents than in adults. It is well established that chronic SSRI treatment
decreases SERT expression/function in adults, but strikingly, SERT expression/function
in adolescents is increased following chronic treatment with SSRIs. Finally, we discuss
a putative role for organic cation transporters and/or plasma membrane monoamine
transporter in serotonergic homeostasis in juveniles and adolescents. Taken together,
fundamental differences in SERT, and putatively in other transporters capable of
serotonin clearance, may provide a mechanistic basis for the relative inefficiency of
SSRils to treat pediatric depression, relative to adults.

Keywords: serotonin, transporters, depression, antidepressants, development, children, juveniles, adolescents

CHILD AND ADOLESCENT DEPRESSION: OVERVIEW

Major depressive disorder, one of the most common forms of depression, affects individuals of all
ages with approximately 5.7% of children and 11.3% of adolescents experiencing major depressive
episodes (Fuhrmann et al., 2014; Mojtabai et al., 2016). Hallmarks of major depressive disorder
include feelings of sadness for long periods, anhedonia, significant increases or decreases in weight,
sleeping disturbances, psychomotor retardation or agitation, lethargy, feelings of helplessness
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and hopelessness, difficulty concentrating and/or decision
making, and suicidal thoughts (American Psychiatric
Association, 2013). Diagnosis of major depressive disorder
is based on an individual having at least five of these symptoms
for two or more weeks. However, symptoms of depression do not
present themselves the same in all ages. Children and adolescents
have a more pernicious onset of symptoms and experience more
irritability than adults (Hazell, 2009).

Depression is a serious public health concern. Many patients
are not effectively treated, but in children and adolescents this
problem is compounded by limited pharmaceutical options
(for review, see Bylund and Reed, 2007). Only two selective
serotonin reuptake inhibitors (SSRIs), fluoxetine (Prozac),
and escitalopram (Lexapro), are currently approved by the
United States Food and Drug Administration (FDA) for use
in these young populations. However, children and adolescents
are less effectively treated by these antidepressants compared
with adults, further exacerbating the situation (Tsapakis et al.,
2008; Hetrick et al., 2010, 2012). Moreover, treatment response
to escitalopram is especially poor in children and adolescents
carrying a common variant of the serotonin transporter (SERT)
gene, which confers reduced SERT functionality (Kronenberg
et al., 2007). Given the high prevalence of adolescent depression,
affecting 4-8% of the population with a potential lifetime
incidence as high as 25% (Kessler et al., 2001; Cheung et al.,
2005; Bujoreanu et al., 2011; Thapar et al, 2012; Maughan
et al, 2013) and, of great concern, the high incidence of
suicide in this young population (“the third leading cause
of death in the 15-19 years age group”; Reed et al, 2008),
there is a clear and urgent need to establish the neural
mechanisms underlying these differences between children
and adolescents on the one hand and adults on the other,
with the goal to discover novel targets for the development
of improved treatments.

In spite of numerous reports documenting that the
antidepressant response of children and adolescents is less
than that of adults (Hazell et al., 2002; Bylund and Reed,
2007; Tsapakis et al., 2008; Hetrick et al., 2010, 2012), studies
investigating the underlying mechanisms are lacking. That the
brain is still undergoing rapid development during childhood
and adolescent periods (Lenroot and Giedd, 2006) no doubt
contributes, at least in part, to different treatment responses
between children and adolescents, and adults. However, the
neural reasons for the age-dependency of antidepressant
response remain poorly understood. SSRIs, the most commonly
prescribed antidepressants, and the only class approved
for children and adolescents, act by inhibiting serotonin
uptake via SERT, the high-affinity transporter for serotonin.
This focused review aims to synthesize current clinical and
preclinical literature investigating the utility of the SSRI class
of antidepressant in the treatment of childhood and adolescent
depression, together with what is known about SERT expression
and function during these developmental periods. Importantly,
we discuss findings from preclinical studies that are beginning
to shed light on putative mechanisms accounting for the
relatively poor response of children and adolescents to SSRIs
relative to adults.

AVAILABLE TREATMENTS

The safety and effectiveness of many antidepressants for use
in children and adolescents have been extensively studied
and reviewed (e.g., Maneeton and Srisurapanont, 2000; Hazell
et al.,, 2002; Courtney, 2004; Hazell, 2004; Whittington et al.,
2004; Bhatia and Bhatia, 2007). Fluoxetine is FDA approved
for children and adolescents as young as 8 years and older,
and escitalopram is approved for children and adolescents
age 12 and older. In addition to these, other antidepressants
can be prescribed off label. For example, sertraline and
fluvoxamine (also SSRIs) are approved to treat obsessive
compulsive disorder in children and adolescents and therefore
can be prescribed “off label” to treat depression in these
young populations (Kodish et al, 2011). The numbers of
prescriptions for antidepressants continues to increase in
individuals over the age of six with approximately 3%
of individuals under 18 years of age being prescribed an
antidepressant (Kafali et al., 2018).

Whether these treatments yield clinical benefits remains
controversial (see Table 1). For example, fluoxetine was originally
found to be effective in treating children and adolescents
with major depressive disorder (Emslie et al, 1997, 2002),
but using fluoxetine as a positive control in later studies
examining the efficacy of other SSRIs, the same investigators
found no difference between fluoxetine and placebo treated
groups (Atkinson et al., 2014; Emslie et al., 2014). As summarized
in Table 1, randomized controlled trials conducted in children
and adolescents have yielded variable results across studies
and types of SSRIs, with roughly equal numbers reporting
therapeutic benefit versus no difference from placebo. These
mixed results are likely attributable, at least in part, to differences
in population samples and symptomology scales used, with
no clear pattern emerging with regard to dose or duration
of treatment. In turn, this highlights a need to refine and
standardize the diagnostic criterion for depression in juveniles
and adolescents, which likely differs from that used to assess
depression in adults. Regardless, based on current clinical
literature it is difficult to conclude whether or not SSRIs are
beneficial in the treatment of depressive disorders in children
and adolescents. To this end, preclinical studies are beginning
to provide insights into the utility of SSRIs as antidepressants in
these young populations.

LESSONS LEARNED FROM
PRECLINICAL STUDIES

Preclinical studies using murine models afford well-controlled
conditions to study normal brain development, as well as the
neural and behavioral effects of SSRIs, and other classes of
antidepressants, in juveniles and adolescents. While prior to
2008 only a handful of studies had examined antidepressant-like
activity of SSRIs in adolescent rodents (and none in juveniles),
research in this arena has been steadily increasing during the
past decade (see Table 2). These studies are discussed in the
following sections.
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TABLE 1 | Clinical studies examining the efficacy of antidepressant medications in children and adolescents.

Age (years) SSRI Dose and duration Outcome Reference

13-18 Citalopram 10 mg/day No difference from placebo von Knorring et al., 2006
12 weeks

7-17 Citalopram 20-40 mg/day Improved treatment compared to placebo Wagner et al., 2004
8 weeks

7-17 Duloxetine 60-120 mg/day No difference from placebo Atkinson et al., 2014
36 weeks

7-17 Duloxetine 30, 60, 90, or No difference from placebo Emslie et al., 2014
120 mg/day
36 weeks

12-17 Escitalopram 10 or 20 mg/day Improved treatment compared to placebo Emslie et al., 2009
8 weeks

12-17 Escitalopram 10-20 mg/day Improved treatment compared to placebo Findling et al., 2013
24 weeks

6-17 Escitalopram 10-20 mg/day No difference from placebo Wagner et al., 2006
8 weeks

7-17 Fluoxetine 20 mg/day Improved treatment compared to placebo Emslie et al., 1997
8 weeks

8-18 Fluoxetine 10 or 20 mg/day Improved treatment compared to placebo Emslie et al., 2002
9 weeks

12-17 Fluoxetine 10-40 mg/day Improved treatment compared to placebo March et al., 2004
12 weeks

13-18 Fluoxetine 20, 40, or 60 mg/day No difference from placebo Simeon et al., 1990
7 weeks

13-18 Paroxetine 20-40 mg/day No difference from placebo Berard et al., 2006
12 weeks

717 Paroxetine 10-50 mg/day No difference from placebo Emslie et al., 2006
8 weeks

12-18 Paroxetine 20-40 mg/day Improved treatment compared to placebo Keller et al., 2001
8 weeks

6-17 Sertraline 50-200 mg/day Improved treatment compared to placebo Alderman et al., 1998
6 weeks

6-17 Sertraline 50-200 mg/day Improved treatment compared to placebo Wagner et al., 2003
10 weeks

12-17 Vilazodone 15 or 30 mg/day No difference from placebo Durgam et al., 2018
8 weeks

Antidepressant-Like Efficacy of SSRIs in

Juvenile and Adolescent Rodents

In rodents, postnatal days (P) 21-27 are considered the juvenile
period, P28-42 early adolescence and P44-56 late adolescence
(Spear, 2000; Bylund and Reed, 2007; Hefner and Holmes, 2007;
Pechnick et al., 2008; Reed et al., 2008). Although there are
still relatively few publications investigating antidepressant-like
efficacy of SSRIs in juvenile and adolescent rodents, the literature
is growing, and revealing some interesting patterns, discussed
below (Table 2).

Acute Antidepressant-Like Effects of SSRIs

Studies examining the acute effects of antidepressant drugs have
used the forced swim test (FST) and/or tail suspension test (TST),
the gold standards for assaying antidepressant-like activity in
rodents (Cryan and Holmes, 2005; Castagné et al., 2011). While
there are some inconsistencies among reports (Table 2A), the
most common finding is that SSRIs are less effective in juvenile
and adolescent rodents, than in adults (Bourin et al., 1998; Mason
et al., 2009; Mitchell et al., 2013, 2017). This is in line with

clinical reports (Tsapakis et al., 2008; Hetrick et al., 2010, 2012),
and underscores the utility of these preclinical tests as predictors
of antidepressant-like efficacy in humans.

Interestingly, Mason et al. (2009) found that age-dependent
differences in antidepressant-like response were also dependent
on mouse strain and test used. For example, in the TST fluoxetine
(20 mg/kg) produced an antidepressant-like effect in juvenile
(P35) and adult C57BL/6] and F2 mice, but not in BALB/C
mice. However, when using the FST, juvenile and adult C57BL/6
mice were insensitive to fluoxetine, but F2 and BALB/C mice
responded. This is not surprising in view of elegant studies from
Lucki’s group using adult mice to show clear strain-dependent
differences in response to fluoxetine in the FST (Lucki et al., 2001)
and to citalopram in the TST (Crowley et al., 2005). Regardless,
in the Mason study, when antidepressant effects were detectable
they were less in juveniles than in adults when using the FST, and
less than or equivalent to those of adults when using the TST.

While the majority of studies have used mice, one study
used rats (Reed et al., 2008). Using the FST, these investigators
found that the SSRIs fluoxetine and escitalopram produced
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antidepressant-like effects that were of a similar magnitude in
P21 and adult rats (Table 2A). Interestingly, they found that
the tricyclic antidepressants, desipramine and imipramine, were
ineffective in P21 rats, but produced robust antidepressant-like
effects in adults. While the mechanistic underpinnings for
these results are yet to be determined, a common view is
that delayed maturation of the norepinephrine neurotransmitter
system relative to serotonin is a factor (Bylund and Reed,
2007). However, in contrast to the rat study, mouse studies
generally found tricyclic antidepressants to be either equally
effective in producing antidepressant-like effects in the TST and
FST in juveniles, adolescents, and adults (Bourin et al., 1998;
Mason et al.,, 2009; Mitchell et al., 2013), or more efficacious
in juveniles and adolescents than in adults (David et al., 2001;
Mitchell et al., 2017), suggesting that in mice, the norepinephrine
neurotransmitter system matures faster than in the rat. In
humans, tricyclics are not prescribed for children and adolescents
due to poor tolerability (e.g., vertigo, tremors, low blood pressure,
and dry mouth; Andersen et al., 2009; Dell'Osso et al., 2011;
Hazell and Mirzaie, 2013). However, preclinical findings from
mouse studies indicate that the utility of NET, and/or dual NET
and SERT blockers in the treatment of juvenile and adolescent
depression warrants further investigation. It is possible that the
development of new NET (and NET/SERT) targeting drugs
that have fewer side effects than currently available drugs
may be better suited to the treatment of pediatric depression
(Mitchell et al., 2017).

Clearly, differing rates of development of noradrenergic and
serotonin systems, and the development of systems that impinge
on them (e.g., histamine, see Munari et al., 2015) may also factor
into the magnitude of antidepressant-response as a function of
age. Rates of maturation also differ among species, and is a
consideration when relating findings from rodents to outcomes
in humans. The reader is directed to an excellent review by
Murrin et al. (2007) for information on differential rates of
development of noradrenergic and serotonergic systems among
species. While studies in human are relatively scant, those that
exist, together with studies in non-human primates, suggest
that the serotonin system matures faster than the noradrenergic
system (Murrin et al.,, 2007). It will be of interest for future
studies to precisely map treatment response to different classes of
antidepressant on developmental stage of the noradrenergic and
serotonergic systems in humans.

Lastly, one study included constitutive SERT heterozygote
mice as a murine model of humans carrying a common variant
of the SERT gene, which confers reduced SERT functionality,
and who respond less well to SSRIs than those without this
variant (Kronenberg et al, 2007). Consistent with clinical
literature, the maximal effect of escitalopram in juvenile SERT
heterozygote mice was less than that in juvenile SERT wildtype
mice. Moreover, in both SERT genotypes the maximal effect in
juveniles was less than that in adults (Mitchell et al., 2016). These
findings again underscore the utility of preclinical models of
antidepressant-like activity in probing mechanisms contributing
to age- and genotype-dependent responses to antidepressants
(but see section “Caveats to Currently Available Behavioral
Assays for Identifying Drugs With Antidepressant Potential”).

In sum, the most common finding from studies of the
acute antidepressant-like effects of SSRIs in preclinical studies
is that they are less effective in juveniles and adolescents than
in adults, though some studies do report no difference in
response among ages. With proper attention to mouse strain,
and behavioral test employed, such preclinical models provide
valuable tools to study the mechanistic basis for SSRIs being less
effective in treating pediatric depression than in adults, as will
be discussed further.

Chronic Antidepressant-Like Effects

While the TST and FST are currently the best tests available
to quickly screen for drugs with antidepressant potential,
for drugs to be wuseful clinically they must be effective
after chronic administration. Numerous groups have reported
antidepressant-like effects following chronic SSRI treatment in
adult mice and rats, using tests such as the FST, TST, and
novelty-induced hypophagia (Detke et al., 1997; Dulawa et al.,
2004; Cryan et al., 2005; Holick et al., 2008; Miller et al., 2008;
Balu et al., 2009; Jiao et al., 2011; Roohi-Azizi et al., 2018), with
only one group reporting no effect (Griebel et al., 1999). However,
only four studies have examined the antidepressant-like effect
of chronic SSRI administration in juveniles and/or adolescents.
All have used rats (Table 2A). Three used the FST, and though
different SSRIs were used (fluoxetine in two studies [Homberg
et al., 2011; Bouet et al., 2012] and paroxetine in the other
[Karanges et al., 2011]), the overall findings were in general
agreement. In the two studies where there was no washout
period, chronic SSRI treatment either had no effect in young
rats (Karanges et al., 2011), or increased immobility time (i.e.,
pro-depressive-like behavior; Homberg et al., 2011), whereas
in adults there was either no effect (Homberg et al, 2011),
or a robust antidepressant-like effect (Karanges et al.,, 2011),
in agreement with published literature using adult rodents.
These results are consistent with clinical literature reporting that
children and adolescents respond poorly to SSRIs compared
with adults, if at all (Tsapakis et al., 2008; Hetrick et al., 2010,
2012). In the one study where a 1-week washout period was
allowed before testing in the FST, no antidepressant-like effect of
fluoxetine was observed in either juvenile/adolescent or adult rats
(Bouet et al., 2012).

Another study utilized inescapable shock and shuttle box
tests to assay antidepressant-like activity following a week
of twice daily injections of escitalopram or desipramine in
rats. Escitalopram produced similar antidepressant-like effects
in juveniles, adolescents, and adults, but desipramine was
only effective in adolescent and adult rats, and ineffective
in juvenile rats (Reed et al., 2009). This result is consistent
with findings reported by the same group following
acute administration of these drugs (Reed et al., 2008; see
discussion above).

Overall, results from studies examining the chronic effects of
SSRIs in rats again support the utility of preclinical assays such
as these. However, given that mice seem to more reliably parallel
human clinical literature, at least in the acute tests described
above, it will be of interest to implement mice in studies of
chronic SSRI administration as well.
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Caveats to Currently Available Behavioral Assays for
Identifying Drugs With Antidepressant Potential
Though the FST and TST are the current gold standards
for assaying antidepressant-like activity in rodents (Cryan and
Holmes, 2005), it is important to note that while the vast majority
of antidepressant drugs reduce immobility time in these tests,
not all drugs that reduce immobility time are antidepressants.
Thus, these tests are valuable when comparing the sensitivity to
drugs across ages, but they do not necessarily predict therapeutic
effectiveness in the treatment of depression. In this realm, the
field is in need of new tests (be they behavioral or biochemical)
that can reliably predict therapeutic efficacy of novel drugs for
the treatment of depression, while screening out false positives.

In addition, to date studies of juvenile and adolescent rodents
in tests for antidepressant-like activity of drugs have used only
naive animals. Ideally, such tests should be performed in animal
models of depression, such as those afforded by unpredictable
chronic mild stress, or social defeat paradigms, to name a few
(see O’Leary and Cryan, 2013 for review). While these models
have been frequently applied to studies of depression in adult
rodents, their application to juveniles (in particular), as well
as adolescents, is impractical due to the shortness of these
developmental periods (e.g., 7-day juvenile period, 14-day early
adolescent, and 14-day late adolescent periods; Spear, 2000;
Bylund and Reed, 2007; Hefner and Holmes, 2007; Pechnick
et al, 2008; Reed et al., 2008). This is further compounded
when the effects of chronic drug treatment need to be studied.
While it is not within the scope of this focused review to discuss
the pros and cons of existing models for depression research,
the reader should be aware that there are limitations to those
currently available (see O’Leary and Cryan, 2013 for review).
Of course, recapitulating the heterogeneous nature of human
depression, without yet fully understanding the etiologies of this
complex disorder, makes developing improved animal models a
challenging undertaking. However, as we learn more about the
complexities of this disorder, new knowledge can be applied to
the development of improved models to study depression and to
screen novel compounds for therapeutic efficacy in its treatment.
Importantly, models that can be applied to the study of juveniles
and adolescents are sorely needed.

Expression and Function of SERT in

Juvenile and Adolescent Rodents
Understanding how SERT expression and function varies across
juvenile, adolescent and adult ages, and how chronic treatment
with SSRIs influences SERT expression and function across
these ages may lend insight into age-dependent differences in
antidepressant-like responses to SSRIs. Studies investigating this
subject are discussed below.

Effect of Chronic SSRI Treatment on SERT
Expression and Function

In adult rodents, chronic treatment with SSRIs downregulates
SERT expression (Benmansour et al.,, 1999; Gould et al., 2003,
2007; Mirza et al.,, 2007; Lin et al., 2017), which is associated
with putatively reduced functionality of SERT, as demonstrated

by in vivo chronoamperometry studies measuring clearance of
serotonin from extracellular fluid in hippocampus (Benmansour
et al., 1999). These decreases were not associated with reduced
SERT gene expression or neurotoxicity (Benmansour et al,
1999). Several lines of evidence suggest that SSRI-induced
downregulation of SERT function is attributable, at least in part,
to internalization of SERT to the cytosolic compartment. For
example, in vitro studies using Caco-2 cells transfected with
human (h) SERT show that long-term exposure to fluoxetine
causes internalization of hSERT, leaving less hSERT on the plasma
membrane (Iceta et al., 2007). These studies showed no effect of
fluoxetine treatment on either total hSERT protein or mRNA.
Studies in rats found that chronic, but not acute fluoxetine
treatment causes internalization of SERT in both cell bodies and
terminals (Descarries and Riad, 2012). Similarly, translational
approaches using stem cell-derived serotonergic neurons and
a transgenic mouse expressing hSERT found that citalopram
dose-dependently causes internalization of hSERT in both
models (Matthdus et al., 2016). Such studies underscore the utility
of complementary/translational approaches to understanding
antidepressant response on a cellular and molecular level.
While it remains to be determined if internalization of SERT
following chronic SSRI treatment occurs in humans, and is
temporally synced with therapeutic benefit, studies in adult
rodents, and in vitro, suggests that downregulation of SERT,
putatively by trafficking away from the plasma membrane, is at
least in part required for ultimate therapeutic benefit following
chronic treatment with SSRIs. Moreover, that it takes chronic
exposure to SSRIs for this downregulation of SERT to occur,
provides a potential mechanistic basis for the delay to onset
of therapeutic benefit.

Currently there is no literature reporting effects of chronic
SSRI treatment in juvenile rodents. This is almost certainly due
to the very narrow juvenile window in rodents (i.e., P21-27).
There is remarkably sparse literature on the effect of chronic SSRI
treatment on SERT expression in adolescent rodents (reviewed
in Daws and Gould, 2011). However, a consistent finding is
that chronic treatment with SSRIs, beginning at either P25
or P28 in rodents, increases SERT expression in a number of
brain regions (Wegerer et al., 1999; Karanges et al., 2011; Bouet
et al., 2012) (Table 2B). These findings in rodents are further
supported by a study in juvenile rhesus macaque monkeys,
which found that chronic treatment with fluoxetine increased
SERT expression in several brain regions, including neocortex
and hippocampus (Shrestha et al., 2014) (Table 2B). With more
SERT putatively becoming available to take up serotonin as SSRI
treatment continues, the increases in extracellular serotonin that
are thought to be needed to trigger the downstream cascade of
events leading to ultimate therapeutic benefit could be greatly
diminished. Thus, the clinical implications of increased SERT
expression in children and adolescents could include a need
to increase dose of SSRI in order to fully occupy SERT. It is
interesting to note that initiating dosing of SSRIs for pediatric
depression is generally less than that for adults. For example,
initiating low doses of fluoxetine and citalopram to 5- to 12-year
olds is less than 10 mg/d, whereas in adults (18-64 years) the
dose is less than 20 mg/d (Bushnell et al., 2016). Before the
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black-box warning on all antidepressants was issued by the FDA
in 2004, the percent of patients initiating low dose SSRI treatment
was similar across ages (~15%), with the exception of 10- to
12-year olds where the percent was much lower (5%). In contrast,
following the black-box warning the percent of patients initiating
low dose SSRI (relevant to their age) increased markedly (5-9
years to ~28%, 13-17 years to ~38%, 18-24 years to ~25%,
25-64 years to ~20%, and 10-12 years to ~11%; see Bushnell
et al., 2016). In the context of the present review, this raises the
possibility that increasing initial dosing in pediatric depression
may be therapeutically beneficial, though clearly with this comes
the risk of increased, potentially life-threatening, side-effects. It
must also be kept in mind that of the clinical studies summarized
in Table 1, SSRI doses much higher than these initiating low
doses (e.g., 60 mg/day for fluoxetine; 200 mg/d sertraline) yielded
mixed outcomes, some reporting therapeutic efficacy, and others
no difference from placebo.

Clearly it is difficult to draw conclusions from existing
literature. The important take home message here is that
increased SERT expression following chronic SSRI treatment
in children and adolescents could account, at least in part,
for their therapeutic efficacy being less than that in adults.
Though there are no studies of SERT in brain of children
and adolescents, one study examining platelet SERT expression
before and after treatment with the SSRI sertraline, provides
support for this premise. Sertraline treatment was found to
decrease [*H]paroxetine binding affinity. Notably increased
maximal binding of 3 H]paroxetine to SERT was associated with
non-response (Sallee et al., 1998). Further study into the benefits
of more rapidly ramping SSRI dosing in pediatric depression may
therefore be warranted.

To stay within the scope of this focused review, we have
discussed only the consequences of chronic SSRI treatment
for their primary target, SERT. Of course this is an overly
simplistic view of the neural consequences of chronic SSRI
treatment in juveniles and adolescents, which has also been
shown to impact glycogen synthase kinase-3 (GSK3; Beurel et al.,
2012), extracellular signal-regulated protein kinase 1/2 (ERK)
and cAMP response element binding protein (CREB; Alcantara
et al., 2014), brain derived neurotrophic factor (BDNF) and
TrkB receptors (Kozisek et al., 2008), genes associated with cell
cycle and survival (Tsapakis et al., 2014), and neuroplasticity
(Bastos et al., 1999; Norrholm and Ouimet, 2000; Bock et al.,
2013; Klomp et al,, 2014). Some of the effects of chronic SSRI
treatment on these factors in juveniles and adolescents are in
parallel with those reported in adults (Bastos et al., 1999), while
others are not (Kozisek et al., 2008; Beurel et al., 2012; Bock
et al,, 2013; Alcantara et al., 2014; Klomp et al., 2014). A deeper
focus on SSRI-induced changes that are specific to juveniles and
adolescents will help guide future research to develop improved
antidepressants for these young populations.

Expression of SERT in Juveniles, Adolescents, and
Adults

Prior to 2011, remarkably little was known about the ontogeny
of SERT expression during juvenile and adolescent periods
(reviewed in Daws and Gould, 2011). The first paper to describe

postnatal ontogeny of SERT found that in terminal regions,
including amygdala and hypothalamus, expression was maximal
around P21, decreased at P28, before rising again to stabilize
through P70, the oldest age tested (Galineau et al., 2004; Daws
and Gould, 2011). Subsequent studies of SERT expression from
P21 through adulthood reported either no change across those
ages (Karanges et al., 2011; Mitchell et al., 2013), or a steady
increase from P21 through adulthood in terminal fields (Bouet
etal., 2012; Ulloa et al., 2014; Mitchell et al., 2016), and a decrease
from P21 in cell body regions (Bouet et al., 2012; Mitchell et al.,
2016) (Table 2C). Of particular interest, Mitchell et al. (2013)
using [*H]citalopram saturation binding assays in hippocampal
homogenates, provided evidence that SERT in juveniles may be
functionally less able to transport serotonin than in adults. The
modest variation in results among these studies is likely due to
nuanced differences in the assays used, ages studies, and species
used. However, taken together current evidence suggests that
SERT expression and/or function in terminal fields is lower in
juveniles than in adults, whereas expression in cell bodies is
greater (Table 2C).

It is difficult to speculate on how these postnatal shifts in
SERT expression and function ultimately play into therapeutic
responsiveness to SSRIs, but this is clearly a line of investigation
that warrants further research. Likewise, it will be important
to determine the relationship between receptor systems that
are well-known to be influenced by SSRIs (e.g., Artigas, 2013;
Kulikov et al., 2018), SERT, and therapeutic response in juveniles
and adolescents.

Alternative Transporter Targets for
Therapeutic Intervention in Juveniles

and Adolescents

In recent times, there has been increasing recognition of
transporter  “promiscuity”  (Daws, 2009). High-affinity
monoamine transporters are not loyal to their specific
monoamine, and will take up other species, sometimes with
greater efficiency than their own (Daws, 2009). Moreover, there
is increasing awareness of “uptake-2” transporters in monoamine
clearance (Gasser and Daws, 2017a,b). These are classified as
transporters with low-affinity, but high-capacity to take up
monoamines, and include organic cation transporters (OCTs)
and the plasma membrane monoamine transporter (PMAT).

Of the three OCT subtypes (OCT1, OCT2, OCT3), OCT2
and OCT3 are most widely expressed in brain (Amphoux
et al.,, 2006; Vialou et al., 2008; Gasser et al., 2009; Couroussé
and Gautron, 2015). PMAT is also widely expressed in brain,
including limbic regions (Engel et al., 2004; Dahlin et al., 2007).
Each of these transporters is capable of clearing serotonin,
norepinephrine, and dopamine from extracellular fluid, albeit
with varying affinities (Koepsell et al., 2007; Duan and Wang,
2010; Wang, 2016). Emerging evidence indicates that, in adult
mice, OCT3 may be a novel target for the development of
new antidepressants. For example, the non-selective OCT/PMAT
blocker decynium-22 produced robust antidepressant-like effects
in adult SERT heterozygous and knockout mice, which have
upregulated OCT3 expression, but was without effect in SERT
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wildtype mice (Baganz et al., 2008). Subsequently, Horton et al.
(2013) showed that decynium-22 augmented the antidepressant-
like effect of a sub-effective dose of the SSRI fluvoxamine, and
that this effect was attenuated in OCT3 knockout mice. Recently,
novel decynium-22 analogs were synthesized and characterized.
Unlike decynium-22, which lacks activity at SERT, NET, and
DAT, analogs with activity at OCT3, and modest activity at SERT,
were found to produce stand-alone antidepressant-like effects in
wildtype mice. Together with the findings of Horton et al. (2013),
these results support the notion that dual SERT/OCT3 blockers
may be more effective antidepressants than SSRIs alone (Krause-
Heuer et al., 2017; Fraser-Spears et al., 2019). In addition, studies
using OCT2 knockout mice provide some evidence that OCT2
may also be a new pharmacological target for mood disorders
(Bacq et al., 2012).

These findings in adult mice raise the possibility that OCTs
and/or PMAT may play a mechanistic role in poor response of
children and adolescents to SSRIs relative to adults. For example,
based on SERT expression studies described earlier, it appears
that SERT expression and perhaps function is lower in juveniles
and adolescents than in adults. Putatively, serotonin clearance
might be driven more by OCTs/PMAT during these post-
natal periods, or perhaps these “uptake-2” transporters could be
transiently expressed at greater functional levels than in adults.
Though no data currently exists regarding the ontogeny of OCTs
and PMAT in brain, in the periphery, OCT1 mRNA expression
reaches adult levels by P15 in kidney and by P22 in liver (Alnouti
et al., 2006). While it is difficult to translate these findings to
changes that may occur in brain, these data support the idea that
in juveniles and adolescents, OCTs and/or PMAT may already
be at adult levels, or perhaps transiently expressed at higher
levels. In this scenario, OCTs/PMAT could conceivably buffer
any increase in serotonin following an SSRI, thereby reducing, or
preventing therapeutic benefit (Daws and Gould, 2011). Studies
using adult SERT heterozygote mice, which afford a murine
model of humans carrying a common low expressing variant of
the SERT gene, lend support to this premise. OCT3 expression is
increased in these mice, presumably to compensate for reduced
SERT expression/function (Baganz et al.,, 2008). As in humans
carrying this low expressing SERT gene variant (Kronenberg
et al., 2007), SERT heterozygote mice are less responsive to the
antidepressant-like effect of escitalopram than SERT wildtype
mice (Mitchell et al., 2016). However, SERT heterozygote mice
are responsive to the antidepressant-like effect of decynium-22
(OCT/PMAT blocker), whereas SERT wildtype mice are not.

Although a role for OCTs/PMAT in antidepressant-
like response of juveniles and adolescents awaits empirical
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Cigarette smoking is one of the major causes of coronary heart disease with a
thirty percent mortality rate in the United States. Cigarette smoking acting on the
central nervous system (CNS) to stimulate the sympathetic nervous system (SNS)
through, which facilitates the secretion of serotonin (5-HT) and catecholamines to
supraphysiological levels in blood. The enhanced levels of 5-HT and catecholamines
in smokers’ blood are associated with increases in G protein-coupled receptor signaling
and serotonylation of small GTPases, which in turn lead to remodeling of cytoskeletal
elements to enhance granule secretion and promote unique expression of sialylated
N-glycan structures on smokers’ platelets. These mechanisms enhance aggregation
and adhesion of smokers’ platelets relative to those of non-smokers. This review focuses
on the known mechanisms by which 5-HT and SERT, in coordinated signaling with
catecholamines, impacts cigarette smokers’ platelet biology.

Keywords: cigarette smoking, serotonin, catecholamine, platelet aggregation, serotonin transporter

INTRODUCTION

Serotonin (5-HT) is secreted from the enterochromaffin cells of the intestine to the blood and taken
into the platelets by a specific transporter, SERT (SLC6A4) via a saturable reuptake mechanism
(Rudnick, 1977; Lesch et al., 1993; McNicol and Israels, 1999; McNicol and Israels, 2003). Platelets
do not synthesize 5-HT, yet they are the major biological storage pool of circulating 5-HT.
Platelet surface located SERT tightly regulates the free 5-HT level in the blood. In platelets,
vesicular monoamine transporter (VMAT) on the dense granules takes free 5-HT from the platelet
cytoplasm into the dense granule which is sequestered there to millimolar concentrations, while
free concentrations in the blood are in the low nanomolar range (McNicol and Israels, 2003;
Brenner et al., 2007).

5-HT is a multifunctional signaling molecule, growth factor, and endocrine hormone or
paracrine messenger (Maroteaux and Kilic, 2018) while it plays key roles in a variety of psychiatric
diseases as a neurotransmitter, it also has extra-cerebral roles as a potent vasoconstrictor as well as
a weak agonist of platelet activation, both roles serve to modulate cardiovascular disease (Rapport
et al., 1984; Sjoerdsma and Palfreyman, 1990).

In various pathological conditions including hypertension and thrombosis, plasma 5-HT level
is elevated (Biondi et al.,, 1986; Kerr et al., 1999; Vikens et al., 1999; Brenner et al., 2007;
Davis et al., 2013; Fraer and Kilic, 2015; Lowery et al., 2017). The cause of 5-HT elevation, its
effect on SERT, and the contribution to platelet physiology were studied in preclinical models,
rat (Homberg et al., 2006) and mouse (Bengel et al., 1998) with SERT knock-out (KO) gene.
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These studies demonstrated that platelets were almost completely
depleted of 5-HT in SERT-KO rodent models confirming that 5-
HT in dense granules are also filled by platelet SERT through an
uptake mechanism. Although the source of the initial elevation
in plasma 5-HT levels remains controversial it has been proposed
that it may originate from an increased rate of 5-HT synthesis or
secretion from the enterochromaffin cells of the intestine due to
the initial stage of a disease (Gershon and Tack, 2007). Studies
with the blood samples collected from hypertensive subjects
showed that there is a biphasic relationship with the plasma
concentration of 5-HT and the density of SERT on platelet
surface (Brenner et al., 2007). The level of SERT proteins on the
surface of platelet and the 5-HT uptake rates of platelets initially
rise as plasma 5-HT levels are increased, but then fall below
normal as the plasma 5-HT level continues to rise (Brenner et al.,
2007). These findings indicate a biphasic relationship between
plasma 5-HT-level and the platelet SERT density on the plasma
membrane, more specifically, down-regulation of platelet SERT
in the presence of high level of 5-HT in plasma. We hypothesized
that the elevated plasma 5-HT levels downregulate the 5-HT
uptake of platelets via decreasing the density of SERT molecules
on platelet surface. This hypothesis switches the cellular roles
of 5-HT and SERT and proposes that 5-HT controls its own
concentration in plasma by modulating the uptake properties
of platelet SERT rather than SERT controls the plasma 5-HT
levels. Further studies correlated the impact of 5-HT signaling
on the membrane trafficking of SERT (Ahmed et al., 2008, 2009;
Mercado and Kilic, 2010; Mercado et al., 2011).

In general, translocation of proteins from/to the plasma
membrane is mediated by other proteins that facilitate their
movement between the surface membrane and intracellular
compartments. 5-HT signaling acts on the membrane trafficking
of SERT molecules in two independent pathways: (1) on the
exocytosis of SERT via acting on small GTPases (Ahmed et al,,
2008; Li et al.,, 2016; Lowery et al., 2017; Mercado and Kilic,
2010; Mercado et al., 2011; Ziu et al., 2012); and (2) on the rate
of internalization of SERT via acting on cytoskeletal proteins
such as myosin ITa and vimentin (Ozaslan et al., 2003; Ahmed
et al., 2009; Mercado and Kilic, 2010). The translocation of SERT
from/to platelet plasma membrane is controlled by the 5-HT
signaling-dependent pathways.

Studies in the platelets of mice lacking the gene for tryptophan
hydroxylase (TPH1), the rate-limiting enzyme in the synthesis of
5-HT in peripheral cells, demonstrated that intracellular 5-HT
acts on the exocytosis of the dense and a-granules during platelet
activation (Walther et al., 2003; Ziu et al., 2012, 2014; Lowery
et al., 2017). These studies in isolated platelets indicated that
5-HT-stimulation accelerated the exocytosis of granules, which
secrete their contents, 5-HT, ADP, and procoagulant molecules,
such as fibrinolytic regulators, growth factors, chemokines,
immunologic modulators, P-selectin, von Willebrand factor,
thrombospondin, fibrinogen, and fibronectin (Shirakawa et al.,
2000; Walther et al, 2003; Ziu et al., 2012; Lowery et al,
2017). These findings specifically showed that 5-HT signaling
manipulates the exocytosis mechanism of dense and a-granules
in platelets. As explained in the following sections, the 5-HT
signaling pathway controls the movement of SERT from/to

plasma membrane of platelets (Ozaslan et al., 2003; Ahmed
et al,, 2008, 2009; Mercado and Kilic, 2010; Mercado et al., 2011;
Ziu et al, 2012; Li et al., 2016; Lowery et al., 2017). This will
elevate plasma 5-HT concentration to supraphysiological levels
as seen during smoking cigarette (Lowery et al., 2017). However,
smoking also elevates the blood plasma catecholamine levels
(Siess et al., 1982; Grassi et al., 1994; Narkiewicz et al., 1998;
Parati and Esler, 2012; Lowery et al., 2017). Together with 5-
HT circulating catecholamines are associated with the increased
risk of arterial thrombosis. Yet, in the absence of cardiovascular
disease, elevated blood 5-HT level does not increase blood
pressure, suggesting that the elevation in plasma 5-HT level could
be a consequence rather than a cause of hypertension (Singh et al.,
2013). Thus, the mechanisms by which elevated concentrations
of 5-HT may lead to thrombosis in cigarette smokers is an
active area of research that may yield improved development
and application of anti-thrombotic therapy. In particular, the
mechanisms by which 5-HT potentiates platelet aggregation may
play a contributing role in the acutely increased risk of arterial
thrombosis associated with cigarette smoking. The main goal of
this review is to summarize a novel mechanism by which 5-HT
and SERT in coordination with catecholamines impact cigarette
smokers’ platelet biology.

Cigarette Smoking and Clinical
Relevance

Cigarette smoking has significant roles in the development
of various cardiovascular diseases (CVD) through inhalation
exposure of smoked tobacco and the secondary effects of tobacco
products on circulating hormone levels. Even passive smoking
(second hand smoke), with a smoke exposure about 1/10th
that of active smoking, is associated with an approximate 30%
increase of coronary artery disease (CAD), compared with an
80% increase in active smokers (Willett et al., 1987; He et al.,
1999; Barnoya and Glantz, 2005). Despite increasing social and
legal pressure to restrict tobacco use, an estimated 36.5 million
adults in the United States still smoke tobacco cigarettes (Crow
etal., 2018). Although awareness of these health risks has reduced
the prevalence of smoking, a large portion of the population
continues to use cigarettes and will suffer adverse cardiovascular
events attributable to tobacco use.

While the exact toxic components of cigarette smoke
and the mechanisms involved in cigarette-related long term
cardiovascular dysfunction have not been fully elucidated, it has
been repeatedly demonstrated that the acute effects (minutes to
hours) of cigarette smoke are linked to plasma concentrations
of nicotine (Powell, 1998; Mendelson et al., 2005; Tweed et al.,
2012). Nicotine, a naturally occurring alkaloid found in the
tobacco plant, appears to be the primary addictive and bioactive
agent in cigarette smoke (Goldberg et al., 1991; Doolittle et al.,
1995; Corrigall et al.,, 2001; Rabinoft et al., 2007). Inhalation
results in rapid absorption of nicotine through the lungs into
the blood stream. Nicotine crosses the blood-brain barrier
and reaches the central nervous system (CNS) within 7 s of
inhalation, where it stimulates nicotinic acetylcholine receptors
(Doolittle et al., 1995; Mendelson et al., 2005; Sherva et al., 2008).
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Nicotinic CNS stimulation activates the sympathetic nervous
system (SNS) to promote release of many chemical messengers
including acetylcholine, adrenocorticotropin hormone (ACTH)
norepinephrine (NE), epinephrine (E), arginine vasopressin, 5-
HT, and dopamine (DA) (Koob and Le Moal, 2001; Kimes et al.,
2003; Sherva et al., 2008; McKee et al., 2011) into blood plasma.
Elevations in blood levels of these compounds are associated
with the systemic cardiovascular effects of cigarette smoking
(Ambrose and Barua, 2004; Mendelson et al., 2005).

Chronic cigarette smoking predisposes the individual to
multiple atherosclerotic syndromes as well as peripheral
atherosclerosis and aortic aneurysms (Winniford et al., 1987).
Long term effects on lungs, blood vessels, and heart are well
studied and have repeatedly shown that smoking cessation
decreases the risk of all-cause mortality with an exponential
decline approaching the risk of non-smokers at 5 vyears
(Rosenberg et al., 1985; Fusegawa et al., 1999) Data also
demonstrate an immediate reduction in thrombotic events
following smoking cessation indicating important acute effects
altering blood and platelet function (FitzGerald et al., 1988; US
Department of Health and Human Services, 1990; Samet, 1991).

Biological Mechanisms of Cigarette

Smoking-Associated Thrombosis Risk
Thrombosis is the dysregulated formation of a thrombus,
comprising the combination of platelet aggregates, and blood
clot within blood vessels, such that the flow of blood through
the circulatory system is obstructed. Under normal physiological
conditions, regulatory mechanisms such as circulating levels
of prostacyclin and endothelial expression of ecto-ADPase
prevent thrombus formation. Without injury or other insult
endothelial cells of intact vessels prevent blood clotting
by secreting a heparin-like molecule and thrombomodulin.
Additionally, the vascular endothelial cells prevent platelet
aggregation and vasospasm by secreting nitric oxide. After
vascular damage, thrombus formation is initiated to prevent
blood loss after injury to a blood vessel. While acute injury
results in hemostasis, which is the localized vascular response
to prevent blood loss, thrombosis is a pathological response,
typically initiated in the presence of atherosclerotic lesion.
While hemostasis and thrombosis share similar initiating
mechanisms, thrombosis proceeds to complete vessel occlusion,
while physiological hemostasis stems blood loss, but allows
maintenance of blood flow.

Hemostasis can be conceived as occurring via a three-step
process (Levy et al, 2010). The first step is vascular spasm
(vasoconstriction), caused by contraction of vascular smooth
muscle cells. This local constriction of blood vessels results in
decreased blood flow through the area and limits blood loss.
At the area of damage, blood is also exposed to collagen in
the subendothelial matrix. Collagen promotes adherence and
activation of platelets localized at the site of injury. Once
activated, platelets secrete dense and alpha granules, releasing
platelet-activating factors, such as ADP and P-selectin, and
causing the localized production of thromboxane A2 and
thrombin on platelet and associated membrane surfaces. These

factors activate other nearby platelets causing them to release
their contents leading to a cascade effect (O’Connell, 2013).
The activated platelets alter their shape through cytoskeletal
remodeling, enhancing their adhesion to endothelial and
other platelet surfaces and aggregate to form a platelet plug.
Cytoskeletal remodeling is achieved predominantly through
the modification of small GTP-binding proteins, resulting in
downstream shape changes to a more spiny form with projecting
filopodia. The increased surface area and alteration of surface
proteins causes platelets to adhere to one another and to
the exposed collagen in the damaged vessel wall. Signaling
interactions then promote the activation of integrin alphallb-
beta3 and subsequent binding of circulating fibrinogen, allowing
formation of a stable platelet plug (Farndale et al, 2004).
Coincident with these processes, coagulation is initiated on local
membrane surfaces, allowing consequent formation of a clot.
There is evidence that both platelet aggregation and clotting
are excessively activated after acute exposure to cigarette smoke.
Therefore, it is important to elucidate the mechanisms by
which cigarette smoking induces platelets to become increasingly
activated and increases thrombotic risk.

Cigarette smoking enhances the formation of thrombosis by
which studies demonstrate that stopping smoking decreases the
risk of the reoccurring of myocardial infarction (US Department
of Health and Human Services, 1990). Also, epidemiologic
evidence indicates that the acute effects of cigarette smoking
produce CNS-mediated activation of the SNS (Siess et al., 1982;
Peterson et al., 1983; Porchet et al., 1987; Narkiewicz et al,
1998; Parati and Esler, 2012), which stimulates secretion of pro-
thrombotic molecules, such as catecholamines (E, NE, and DA)
and 5-HT into the blood at supraphysiological levels (Koob and
Le Moal, 2001; Kimes et al., 2003; Sherva et al., 2008; McKee
et al.,, 2011). Recent studies from our laboratories demonstrate
that smoking results in several-fold increases in plasma levels of
5-HT and catecholamines (Lowery et al., 2017). In platelets, 5-HT
and catecholamine signaling are mediated, respectively, through
5-HT2A, B2-, and a2-adrenergic receptors. Activation of each of
these receptors directly act on platelet aggregation (Woulfe, 2005;
Millan et al., 2008; Smyth et al., 2009; Dowal and Flaumenhatft,
2010) via stimulating the exocytosis of the granules which are the
storages of the several procoagulant molecules as well as 5-HT
and catecholamine (McNicol and Israels, 1999, 2003).

Once bound to platelet surfaces, 5-HT activates a 5-HT-
specific G protein-coupled receptor, 5-HT2A. Although the Gq-
dependent signals leading to platelet activation are well-accepted,
less appreciated is the coordinate interaction of these 5-HT
and catecholamine-initiated signals with 5-HT uptake into the
platelet cytoplasm. In this process, SERT, on the platelet plasma
membrane, plays a major role in regulating extracellular vs
intracellular 5-HT concentration. When 5-HT is removed from
blood plasma into the platelet, it is stored in dense granules
through VMAT (Brunk et al., 2006). Upon the saturation of
dense granules with 5-HT, transport via VMAT shuts down
and 5-HT appears in the cytoplasm in free, unbound form.
The elevated plasma 5-HT level also activates platelet surface-
localized 5-HT receptors, which initiates signaling through Ggq,
activates phospholipase C (PLC) results in the hydrolysis of
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phosphatidylinositol 4,5-biphosphate (PIP2) to inositol-1,4,5-
triphosphate (IP3) (Jin and Kunapuli, 1998; McNicol and Israels,
1999; Yang et al., 2002; Quinton et al., 2004; Woulfe, 2005; Millan
et al., 2008; Smyth et al., 2009; Dowal and Flaumenhaft, 2010;
Bynagari-Settipalli et al., 2012). Formation of IP3 activates the
serine/threonine protein kinase C (PKC) family and facilitates
the secretion of Ca’t from intracellular compartments to
cytoplasm. Catecholamine (NE/E) activates a2-adrenoceptor
which initiates signaling through Gi, inhibits adenylyl cyclase
(AC) while activating phosphoinositide 3-kinases (PI3K), leading
to the aggregation of platelets in a biphasic manner (Dowal
and Flaumenhaft, 2010). Additionally, NE signaling also acts on
Src family kinases (SFK) (McNicol and Israels, 2003; Walther
etal., 2003; Senis et al., 2014) to allow PLC-dependent hydrolysis
of PIP, to IP3 and the secretion of Ca** from the granules
(Walther et al., 2003; Ziu et al., 2012). Particularly, related to
the role of 5-HT signaling in platelet pathology, elevation of the
cytoplasmic free Ca?* concentration activates transglutaminase
(TGase), which transamidates unbound/free cytoplasmic 5-HT
to small GTPases; a reaction known as serotonylation (Shirakawa
etal., 2000; Walther et al., 2003; Ziu et al., 2012; Senis et al., 2014).

The action of E/NE signaling on platelet via B2-receptor
is a controversial topic. Yet, E/NE activates AC through
the Gs, upregulates the intracellular concentration of the
second messenger cAMP, a powerful inhibitor of platelet
aggregation. The cellular act of cAMP reorganizes the
actin/myosin cytoskeletal network in a Rho-GTP dependent
manner via stimulating Protein kinase A (PKA) (Woulfe, 2005;

Millan et al., 2008; Smyth et al., 2009). Thus, transamidation of
Rho- and Rab-GTPases with 5-HT are important for platelet
cytoskeletal reorganization and secretory behavior, respectively.
We hypothesize that following cigarette smoking, IP3 is activated
by 5-HT2A and a2-receptor signals to alter the cytoskeletal
network in platelets and counteract the tonic inhibitory effect of
B2-receptor signaling elevated cAMP level in platelets (Figure 1).

In the last decade, we reported several studies related with
the impact of SNS-activated secretion of 5-HT into the blood
(Brenner et al., 2007; Mercado and Kilic, 2010; Fraer and Kilic,
2015; Lowery et al., 2017), on platelet aggregation via activation
of the 5-HT receptor (5-HT2A) (Ziu et al., 2014), on the secretion
of granules as a result of serotonylation of small GTPases (Ahmed
et al., 2008; Mercado et al., 2011; Ziu et al., 2012; Li et al., 2016),
alteration of the cytoskeletal network (Ahmed et al., 2009; Li et al.,
2016), and alteration of the structure and composition of glycans
on the surface of mouse platelets (Mercado et al., 2013). Based
on these studies, we proposed that 5-HT-mediated signaling and
serotonylation of small GTPases accelerates the secretion rates of
granule components such as ADP and P-selectin, remodeling of
cytoskeletal network also permits altered localization of enzymes
regulating glycosylation. The structures of glycans, specifically
the terminal positions, act as ligands to the receptors. The best
examples are P- and E-selectins which regulate various cell-cell
adhesion in occurrence of vascular pathophysiology (Kelm and
Schauer, 1997). Together, these studies show that the platelet
surface glycans’ structures and distributions were altered by
5-HT treatment.

5-HT

'

TGase
lS-HT
Rho/Rac,
Rab4...DTAGQOE

RhofRac-GTP

Reba-GTP /

FIGURE 1 | Hypothesis at a glance. 5-HT and NE signaling activate IP3 and elevate the level of cytoplasmic Ca®*. TGase serotonylates small GTPases. 5-HT and
NE control platelet membrane-trafficking dynamics by enabling Rab4-GTP formation and Rho/Rac-GTP-mediated cytoskeletal rearrangement, downstream of

CAMP/PKA.
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Our recently reported studies demonstrate that cigarette
smoking induces specific changes to surface glycans and that
these changes are associated with a potentiating effect on platelet
aggregation (Lowery et al, 2017). Proteomic and glycomic
analyses by Dr. Richard Jones at MS Bioworks and Dr. Parastoo
Azadi at CCRC identified differences in both the number
and specification of core proteins and glycans eluted from
platelet plasma membranes isolated from nonsmokers versus
smokers’ blood. Cigarette smoking acutely changes the glycan
structure from high mannose to sialylated N-glycan structures
expressed on platelet surfaces. Of particular functional relevance,
removing the N-glycans from the surfaces of smokers’ platelets
counteracted the smoking-mediated enhancements in platelet
aggregation (Lowery et al, 2017), indicating that remodeling
the platelet surface with N-glycan may establish a more
adhesive environment and provide a mechanism by which
smoking contributes to platelet activation and thrombosis.
However, it remains to be investigated whether the high
mannose structures present exclusively on resting (nonsmokers’)
platelets protect against platelet aggregation. Specifically, proteins
involved in the GTPase-activating, and associated with the actin
cytoskeletal network were differentially and significantly altered
on the surface of the smokers platelet compared to those
of non-smokers.

These findings suggest that plasma 5-HT and catecholamine
levels influence the alteration of glycans on platelet surfaces;
however, the mechanisms by which 5-HT/catecholamine
specifically induce surface glycan alteration is still not known.
The abundance of oligomannose glycans on platelets suggests an
attenuated N-glycan maturation pathway at the megakaryocyte
level; however, the alteration in glycans on smokers’ platelet
surfaces occurs within 15 min. This glycan structural alteration
is too rapid to be explained by traditional glycan modification
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Depression is a highly prevalent psychiatric disorder, impacting females at a rate roughly
twice that of males. This disparity has become the focus of many studies which
are working to determine if there are environmental or biological underpinnings to
depression pathology. The biology of depression is not well understood, but experts
agree that a key neurotransmitter of interest is serotonin. Most research on basic
serotonin neurochemistry, by us and others, has predominantly focused on male
models. Thus, it is now critical to include female models to decipher possible
fundamental differences between the sexes that may underlie this disorder. In this
paper, we seek to determine any such differences using fast-scan cyclic voltammetry
(FSCV) and fast-scan controlled adsorption voltammetry. These techniques allow us
to probe the serotonergic system via measurement of evoked and ambient serotonin
at carbon fiber microelectrodes (CFMs). Our data reveal no statistical differences,
in the hippocampus, in female serotonin chemistry during the different stages of the
estrous cycle compared to the mean female response. Furthermore, no difference
was observed in evoked serotonin release and reuptake, nor ambient extracellular
serotonin levels between male and female mice. We applied a previously developed
mathematical model that fits our serotonin signals as a function of several synaptic
processes that control the extracellular levels of this transmitter. We used the model to
study potential system differences between males and females. One hypothesis brought
fourth, that female mice exhibit tighter autoreceptor control of serotonin, is validated via
literature and methiothepin challenge. We postulate that this tight regulation may act
as a control mechanism against changes in the serotonin signal mediated by estrogen
spikes. Importantly, this safety mechanism has no consequence for acutely administered
escitalopram’s (ESCIT’s) ability to increase extracellular serotonin between the sexes.
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Saylor et al.

In vivo Serotonin Dynamics

This work demonstrates little fundamental differences in in vivo hippocampal serotonin
between the sexes, bar control mechanisms in female mice that can be observed under
extraneous circumstances. We thus highlight the importance of considering sex as a
biological factor in determining pharmacodynamics for personalized medical treatments
that involve targeting serotonin receptors.

Keywords: serotonin, hippocampus, SSRI, FSCV, FSCAV, sex, depression

INTRODUCTION

Clinical depression is more than twice as prevalent in adult
females than males (Weissman and Klerman, 1977; Kessler
et al., 1993; Hankin et al., 1998; Cyranowski et al., 2000;
Piccinelli and Wilkinson, 2000; Grigoriadis and Robinson,
2007) and antidepressants exert varying degrees of efficacy
by sex (Frackiewicz et al, 2000; Sramek and Cutler, 2011).
Interestingly, most studies show this sex-dependent increased
risk of depression only emerges post-puberty (Anderson et al,
1987; McGee et al., 1992; Nolen-Hoeksema and Girgus, 1994).
This disparity in adult depression rates has been explained
via environmentally induced (i.e., societal stress) or innate
(fundamental biology) phenomena (Sullivan et al., 2000; Eley
et al., 2004). The idea that there are inherent biological
underpinnings to depression is well-debated and hypotheses that
have been brought forth over the years have not had unanimous
acceptance (Asberg et al., 1976a,b; Owens and Nemeroft, 1994).
Historically, preclinical and basic research has not encompassed
both sexes equally, with a strong bias toward male models. This
approach was formed under the preconception that the estrous
cycle confounds experimental data, however, as stated in NOT-
OD-15-102 in 2015, “An overreliance on male animals and cells
may obscure understanding of key sex influences on health
processes and outcomes” (National Institutes of Health, 2015).
Henceforth, there is a strong emphasis on including male and
female mice in all basic and preclinical studies.

We are in a good position to study intrinsic neurochemical
differences that may drive depression and antidepressant actions
in male and female animal models since we can monitor sub-
second changes in serotonin in real time, in vivo. Serotonin
is a well-established transmitter of interest to depression and
antidepressant activity in both sexes (Piccinelli and Wilkinson,
2000; Sramek and Cutler, 2011). We monitor serotonin
dynamics in vivo using voltammetric techniques, fast-scan
cyclic voltammetry (FSCV) and fast-scan controlled adsorption
voltammetry (FSCAV) at carbon fiber microelectrodes (CFMs).
FSCV enables the in vivo monitoring of the release and reuptake
of serotonin on a sub-second timescale (Hashemi et al., 2009;
Wood and Hashemi, 2013; Wood et al., 2014) and FSCAV
quantifies ambient serotonin concentrations on the order of tens
of seconds (Abdalla et al., 2017).

In this article, we study the in vivo serotonin chemistry in
the CA2 region of the hippocampus of male and female mice.
We chose to start this study with the hippocampus because
of this brain region’s heavy association with depression and
antidepressant actions. For example, decreased hippocampal
volume is found in human and animal models of depression

(Magarinos and McEwen, 1995; Sheline et al., 1996; Bremner
et al, 2000; Videbech and Ravnkilde, 2004). Furthermore,
selective serotonin reuptake inhibitors (SSRIs) are shown to
change hippocampal architecture via neurogenesis (Czeh et al.,
2001; Malberg and Duman, 2003; Jayatissa et al, 2006).
In our cohort of female mice, statistical differences are not
found in serotonin signals between the overall female mean
and the different stages of the estrous cycle. Importantly,
evoked serotonin release, reuptake, and ambient serotonin
in 23 female (all cycle stages) and 23 male mice are
not statistically different. Potential functional differences are
investigated by mathematically modeling the averaged male and
female responses as a measure of several synaptic processes that
regulate extracellular serotonin. Specifically, the evoked signal
in male mice is postulated to have higher input and the signal
in female mice is hypothesized to undergo tighter autoreceptor
control. We provide validation of the model’s autoreceptor
hypothesis in female mice via administration of methiothepin,
a non-selective serotonin receptor antagonist with high affinity
for the serotonin autoreceptors. We put forth that this stronger
autoreceptor control may act as a safety mechanism against
serotonin-mediating estrogen spikes. To understand whether
these autoreceptor effects are consequential for SSRI response, we
compare administration of acute doses of the SSRI, escitalopram
(ESCIT) to male and female cohorts of mice, some of which are
pretreated with methiothepin. The percent change in serotonin
reuptake is less dramatic across all doses of ESCIT in females but
this effect is independent of autoreceptor antagonism.

In summary, serotonin chemistry, in the hippocampus, during
the different stages of the estrous cycle is not different from the
mean in female mice and the control evoked release, reuptake,
and ambient serotonin are not statistically different between
the sexes. On the microanalysis level, differences in serotonin
regulation between male and female mice may lie, in part,
in autoreceptor regulation. This finding is especially useful
when considering pharmacodynamics for personalized medical
treatments that involve serotonin receptors.

MATERIALS AND METHODS

Chemicals and Reagents

Calibration solutions were prepared by dissolving serotonin
hydrochloride (Sigma-Aldrich Co., St. Louis, MO, United States)
in Tris buffer to produce solution concentration of 10, 25, 50,
and 100 nM. Tris buffer consisted of: 15 mM H,NC(CH,OH),
HCI, 140 mM NaCl, 3.25 mM KCl, 1.2 mM CaCl,, 1.25 mM
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NaH,P0O4.H,0, 1.2 mM MgCl,, and 2.0 mM Na,SO4 (Sigma-
Aldrich Co., St. Louis, MO, United States) in deionized water
and pH adjusted to 7.4. ESCIT oxalate (>98, HPLC) (3, 10, or
30 mg kg™ ') from Sigma-Aldrich (St. Louis, MO, United States)
and methiothepin mesylate salt (>98, HPLC) also from Sigma-
Aldrich (St. Louis, MO, United States) were individually
dissolved in sterile saline (Hospira, Lake Forest, IL, United States)
and administered via intraperitoneal (i.p.) injection at a volume
of 5.0 ml kg~ ! of animal weight. Liquion (LQ-1105, 5% by weight
Nafion™) was purchased from Ion Power Solutions (New Castle,
DE, United States).

Electrode Fabrication

Voltammetric analysis of serotonin was performed as described
previously (Hashemi et al., 2009; Wood and Hashemi, 2013;
Wood et al., 2014). Briefly, CFMs were constructed by aspirating
7 wm carbon fibers (Goodfellow Corporation, Coraopolis,
PA, United States) into glass capillaries (0.4 mm internal
diameter, 0.6 mm outer diameter, AM Systems, Carlsborg, WA,
United States). A vertical pipette puller (Narishige Group, Tokyo,
Japan) was employed to create a carbon-glass seal. Subsequently,
the exposed carbon fiber was cut to 150 pwm and silver paint was
used to forge an electrical connection to a connection pin. Finally,
electrodes were electrodeposited with Nafion™ as described
previously (Hashemi et al., 2009).

Animal and Surgical Procedures

All animal procedures and protocols were performed in
accordance with regulations of the Institutional Animal Care
and Use Committee (IACUC) at the University of South
Carolina, which operates with accreditation from the Association
for Assessment and Accreditation of Laboratory Animal
Care (AAALAC). Male and female C57BL/6] mice (Jackson
Laboratory, Bar Harbor, ME, United States), 6-12 weeks old and
weighing 18-25 g, were group housed, had constant access to
food and water, and were kept on a 12 h light/dark cycle (lights off
at 7:00 and on at 19:00). We chose to include mice from this broad
age range since we found no statistical differences in mice aged
6-8 and 9-12 weeks (Supplementary Figure S1). Female mice
were selected at random, without regard to their estrous cycle.
In the estrous cycle experiments, vaginal smears were collected
after the conclusion of the experiment and cycle determine
according to Caligioni (Supplementary Figure S2) (Caligioni,
2009). Estrous cycle determination was limited to a single-day
cell analysis at the end of the neurochemical analysis in order to
limit stress to the animal that would likely alter FSCV/ESCAV
serotonergic responses. To induce and maintain anesthesia,
25% w/v urethane [Sigma-Aldrich Co., dissolved in 0.9% NaCl
solution (Hospira)] was injected i.p. (7 pl/g of body weight).
Mouse body temperature was maintained using a heating pad
(Braintree Scientific, Braintree, MA, United States). Stereotaxic
surgery (David Kopf Instruments, Tujunga, CA, United States)
was performed, and all coordinates were taken in reference to
bregma. A Nafion™-modified CEM was lowered into the CA2
region of the hippocampus (AP: —2.91, ML: +3.35, DV: —2.5
to —3.0) (Franklin, 2013) or into the medial prefrontal cortex
(mPFC) (AP: 4+1.7, ML: —0.2, DV: —2.2 to —2.9) (Franklin, 2013)

and adjusted in the dorsal/ventral plane until a serotonin
signal was observed. A stimulating electrode (insulated stainless
steel, diameter: 0.2 mm, untwisted, Plastics One, Roanoke, VA,
United States) was placed into the medial forebrain bundle
(AP: —1.58, ML: +1.00, DV: —4.8) (Franklin, 2013) and a pseudo
Ag/AgCl reference electrode, created by electroplating chloride
(30 sin 0.1 M HCl at 5 V) onto a silver wire, was placed into the
contralateral hemisphere.

Data Collection
FSCV and FSCAV were performed using a Dagan potentiostat
(Dagan Corporation, Minneapolis, NM, United States), WCCV
3.06 software (Knowmad Technologies LLC, Tucson, AZ,
United States) and either a Dagan or Pine Research headstage
(Pine Research Instrumentation, Durham, NC, United States).
For FSCV collection, the “Jackson” serotonin waveform (Jackson
et al, 1995) was applied to the electrode at a scan rate of
1000 V s~! and at a frequency of 10 Hz. To evoke serotonin
release, a biphasic stimulation was applied through a linear
constant current stimulus isolator (NL800A Neurolog, Medical
Systems Corp, Great Neck, NY, United States) with the following
parameters: 60 Hz, 360 LA each, 2 ms in width, and 2 s in length.
Upon completion of data collection, a high voltage was applied
to the working electrode to lesion the tissue surrounding the
electrode for electrode placement verification using histology.
For basal experiments, control evoked files were collected
followed by the methodology being switched to FSCAV. For
FSCAV collection, the serotonin waveform was applied at 100 Hz
for 2 s, followed by a period of controlled adsorption where
the potential was held at 0.2 V for 10 s, lastly the serotonin
waveform was reapplied at 100 Hz, as described in Abdalla et al.
(2017). Thirty files (at one file per minute) were collected as
control files. Following control files, an i.p. injection of saline was
administered and 30 more files of FSCAV were collected. Animals
were then administered ESCIT (10 mg kg~') i.p. and 60 files
post-ESCIT were collected. The system was then switched back
to traditional FSCV and four post-basal stimulation files were
collected. Electrodes were then removed and underwent a post
calibration in which 10 files were collected with the electrode in
solutions of 10, 25, 50, and 100 nM solutions of serotonin. A dose
response was also conducted using FSCV, as previously described,
in which male and female mice were administered either 3, 10, or
30 mg kg~ ! ESCIT and four control files averaged together were
then compared with stimulated release 30 min post-ESCIT.

Data Analysis and Statistics

Digital filtering (zero phase, Butterworth, 5 kHz low-pass)
was accomplished within the WCCV software. For FSCV
analysis, signals were smoothed using WCCV software, the cyclic
voltammogram (CV) taken for serotonin identification, and the
current vs. time (IT) trace extracted to visualize the release and
reuptake of serotonin. Four evoked events, with 10 min between
each event, were averaged for each individual mouse to establish
a control evoked signal. A previously established calibration
factor (49.5 & 10.2 nA/uM) was used to convert current into
concentration. For FSCAV analysis, the third CV after the
reapplication of the waveform was selected for quantification, and
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the peak occurring approximately between 0.4 and 0.85 V was
integrated to determine the charge value (pC). Post calibrations
of each electrode, plotting charge (pC) vs. [serotonin] (nM), were
used to determine basal concentration.

For FSCV data, four IT curves were averaged for each animal
to establish a control. The average for each individual animal
was then combined with the other animals in the group to
determine an overall group average. The standard error of the
mean (SEM) was calculated using the average IT for each animal
(n = # animals). To determine significance between two points,
a two-tailed student’s t-test was utilized (p < 0.05).

To determine the t;/5, a code was custom written in excel to
fit the reuptake component of the curve and calculate the time
taken to reach half of the maximum amplitude. The number
of files with a concentration of less than zero was used to
quantify the “dip” below baseline, associated with autoreceptors,
which will be covered in more detail below. Determination of
the percent reuptake change following ESCIT is explained in
Section “Modeling.”

Data were excluded based on the criteria outlined herein. For
all experiments, the evoked signal CV was compared to well-
established in vivo and in vitro serotonin CVs and signals in
which the CVs did not contain the characteristic serotonin redox
peaks were excluded. Animals which did not survive the full
experiment or whose drug injection did not elicit a response
were removed. Signals which did not return to baseline or were
otherwise unstable, as well as those which were outside the
normal range, as determined by a Q-test, were removed. Data
which contained a peak resulting from the stimulation electrode
touching the skull that masked, delayed, or minimized the
serotonin response (stimulation glitch) were excluded. According
to these criteria, 10 animals were excluded, which accounts for 8%
of the total number of animals used. All other data were included
and all raw evoked data are shown in Figure 2.

To determine the number of animals required for observing
significant differences in serotonin signals, we employed a power
analysis (Charan and Kantharia, 2013). The following formula
was used to calculate a quantitative endpoint for the sample size
required to compare two groups.

Sample size = 2 SD? (2%/2 + 7P)?/d?

The pooled standard deviation from the sample data was 0.83
and Cohen’s d was calculated as 1.76. The Z*/? term was 1.96
(from Z table) as a type 1 error of 5% and the 7P was 0.842
(from Z table) at 80% power. This power analysis resulted in a
n = 3.5. The sample size corrected for exclusion was calculated
using n = 3.5 and a percent loss of animals as 8%, showing that
about 3.8 animals were required.

Modeling
A previously presented mathematical model was used to model
the average male and female evoked responses:

ds()]
dt

Vmaxl [S(t)] _
kml + [S(t)]

6 VmaXZ[S(t)]
kmz + [S(®)]

= R(#t)(1 — A()) —a

S(t) is the concentration of serotonin in the extracellular
space, R(t) is the release rate of the serotonin neurons in
the hippocampus near the electrode that rises briefly after
stimulation and then returns to baseline, and A(f) represents the
strength of the autoreceptor effect caused by rising serotonin
in the extracellular space [the higher A(f) the more serotonin
release is inhibited] (Wood et al., 2014). The first negative term
represents reuptake resulting from Uptake 1 transporters, the
serotonin transporters (SERTs), with Viay; = 19.25 nM s~Vand
Kmi = 5 nM. The second term represents reuptake via Uptake
2 transporters [dopamine transporters (DATs), norepinephrine
transporters (NETs), and organic cation transporters (OCTs)]
with Vimao = 780 nM s™! and K2 = 170 nM. We modeled
and discussed Uptake 1 and Uptake 2 in detail previously (Wood
et al., 2014). Briefly, Uptake 1 is high affinity but low efficiency
serotonin transport (Shaskan and Snyder, 1970) while Uptake 2 is
low affinity, high efficiency serotonin transport (Daws et al., 2013;
Horton et al., 2013). Thus, at serotonin concentrations well above
the basal level, Uptake 2 is primarily responsible for serotonin
removal from the extracellular space, but low concentrations,
closer to the steady state, Uptake 2 has little effect on reuptake
of serotonin. For the purpose of our simulations, we assume the
basal steady state is 60 nM, roughly the mean of measured basal
levels (see below), and the parameter beta decreases from 0.05
above 82 nM linearly to zero at 62 nM, reflecting the properties
of Uptake 2. In some simulations, the concentration cutoffs 82
and 62 nM are slightly varied to fit the experimental data. In all
our simulations, o = 1.

We believe that stimulation of the MFB causes antidromic
spikes that stimulate the dorsal raphe nucleus (DRN). The
increased firing of DRN neurons increases the release rate, R(t),
in the hippocampus. Before stimulation, we assume that R(¢) is
a constant, Ry, chosen so that the basal steady state is 60 nM.
After stimulation, R(t) rises linearly for 1 s followed by decay
back to Ry linearly over 2 s. This value can be varied to reflect
the different release rates produced by slight differences in the
stimulation of the MFB. The parameter r scales how high above
Ry the release rate goes, with r = 1 indicating an increase of release
rate of 40 nM s~!. We previously showed that the autoreceptor
effects are long-lasting (up to 30 s) and continue after both R(t)
and S(#) have returned to baseline (Wood et al., 2014). This longer
lasting autoreceptor effect drives the serotonin concentration
below baseline after most stimulations.

The model was further used to calculate estimates of the
percentage decrease of Vyaxo caused by different doses of ESCIT
in male mice and female mice (Figure 4). These calculations
were carried out assuming that most of the initial decrease of
serotonin in the extracellular space is caused by the Uptake
2 transporters. This assumption is supported by our previous
work (Wood et al., 2014). The experimental data give us the
evoked serotonin response before ESCIT (control curve) and the
evoked serotonin response 30 min following the administration
of ESCIT (dose curve). As the Ky, of Uptake 2 is known, the
control signal was used to calculate the value of the effective
Vmaxz for the control signal. The process was repeated for the
ESCIT signal to calculate the effective Va0 for the ESCIT signal.
Figure 4 reports the percentage change from our estimate of
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Vmaxz for control to our estimate of Vinax2 30 min following the
administration of ESCIT.

RESULTS

Serotonin During the Different
Stages of the Estrous Cycle

Evoked and basal serotonin was measured during each stage of
the estrous cycle in the CA2 region of the hippocampus in female
mice (images verifying stage of cycle are in Supplementary
Figure S2). The basal serotonin concentrations were added to
the respective animals’ evoked response and are displayed in the
colored traces in Figure 1 for each stage of the estrous cycle
(n = 3-4). The gray traces in Figure 1 are the averaged female
responses (blinded for stage of estrous cycle, n = 10). When
comparing the data from each stage of the cycle to the average,
we found no significant differences in evoked release amplitude
and t1/, of serotonin clearance (table in Figure 1).

Evoked and Basal Serotonin in
Male and Female Mice

Evoked serotonin was measured in male and female mice
(regardless estrous cycle stage). Results are shown in Figure 2
where Figure 2A shows the average serotonin concentration
([serotonin]) vs. time traces in male and female mice and
Figure 2B shows the raw data of each individual making up the
averages shown in Figure 2A. The results of FSCAV experiments
in male and female mice are seen in Figure 2C. The values for the
maximum amplitude of serotonin release, the t;/, of serotonin
clearance, and the average ambient [serotonin] are in the table
in Figure 2C (middle). These results demonstrate no significant
difference in the evoked release amplitude (35.0 £ 3.3 nM in
males and 32.2 & 4.3 nM in females, p = 0.61, two-tailed student’s
t-test), ti/2 of serotonin clearance (2.1 £ 0.2 s in males and
2.1 & 0.2 s in females and p = 0.93, two-tailed student’s t-test),
or average ambient serotonin levels [62.5 £ 1.8 nM in males and

60.4 £ 1.8 nM in females (p = 0.43, two-tailed student’s ¢-test)].
To determine if these results are specific to the hippocampus, we
explored an additional brain region, the mPFC (Supplementary
Figure S$3). No statistical difference was found in this region
between the male and female mice.

Mathematically Modeling Male and

Female Serotonin Signals

Figure 3 shows the results of fitting the averaged male and female
serotonin responses with a model that we previously developed
that captures experimental data in the context of the synaptic
mechanisms that control extracellular serotonin. In these animals
that we reported evoked release, ambient serotonin data were
not available. Thus, to give basis to the model, an average
concentration from a subset of mice in this work (60 nM) was
added, arbitrarily, to each signal. The amplitude of the signal
in male mice was higher than in the female mice, which was
modeled via a larger input term to the terminal (r = 0.54 in males,
r = 0.43 in females). Additionally, there was a larger dip below
baseline after stimulation in female mice, which was modeled
via a larger value for the autoreceptor term in the model. We
described this autoreceptor phenomenon at length previously
(Wood et al., 2014).

Serotonin Response to ESCIT

An acute ESCIT dose, was administered via i.p. injection, to
male and female mice, separately at 3, 10, and 30 mg kg~! and
the evoked and basal serotonin responses were monitored in
separate cohorts of mice per dose. The evoked responses, seen in
Figure 4, are shown for each dose along with the percent change
in reuptake. At every dose, the female mice had a lower percent
change in reuptake compared to the males.

The basal, steady-state serotonin concentration response to
ESCIT is shown in Figure 5 in male and female mice. Control
files were collected for 30 min, after saline injection, files were
taken for 30 min, finally ESCIT was administered and files
were taken for an additional hour. Serotonin was not altered

10 T Estrus Metestrus Diestrus Proestrus
s
5
5
=
o
°
@
2
30L Time (30 s)
Amp,...| 95.7 nM 0.86 86.5 nM 0.46 81.7 nM 0.19 92.7 nM 0.96
o 16s 0.23 24s 0.74 24s 0.69 1.80 0.48

FIGURE 1 | Serotonin signals, incorporating respective basal levels, from each of the four estrous cycles in female mice are shown. The average from female mice in
the estrus (red, n = 4), metestrus (yellow, n = 4), diestrus (green, n = 3), and proestrus (purple, n = 3) stages are shown. A table showing the average amplitude and
ty 2 for each stage of the female mouse cycle along with the p-value resulting from a two-tailed t-test is seen below. Significance was defined as p < 0.05.
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FIGURE 2 | (A) The average evoked serotonin for male mice (blue, n = 23) and female mice (red, n = 23) with SEM shown in a lighter shade around each. Serotonin
was evoked via a short stimulation (yellow bar). (B) The average basal serotonin concentration found in male (n = 17, shown in blue) and female (red, n = 18) animals
is shown, along with the SEM of each. (C) The table details male and female average maximum evoked [serotonin] amplitude, the average t; 2 of serotonin
clearance and the average basal [serotonin]. (D) The raw data for each individual mouse used to generate the average evoked serotonin signal are shown in varying
shades of blue (male) and red (female). Significance was defined as p < 0.05.
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FIGURE 3 | The average experimental serotonin signal from male (A) and female (B) mice is shown plotted with the modeled serotonin signal. An average basal
value of 60 nM has been incorporated into the male and female responses.

by saline, while roughly 10 min after ESCIT, the signal rose
~43-46%. This represented a significant change in serotonin DISCUSSION

in both sexes (p < 0.01, two-tailed student’s t-test) but no . .
significant difference between the two sexes (p = 0.96, two-tailed Control Serotonin Chemistry Is Not

student’s t-test). Likewise, the basal serotonin concentrations Slgnlflcantly Different Between the

before and after ESCIT were not significantly different between Sexes in the Hippocampus
males and females (p = 0.244 and p = 0.220, respectively, two-  The possible inherent biological underpinnings of depression are
tailed student’s ¢-test). not well understood and hypotheses that have been brought forth
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FIGURE 4 | The male (blue) and female (red) evoked serotonin signals are
shown (n = 4 for each). A lighter color is shown to indicate control release and
a darker shade is used to denote response 30 min following i.p. ESCIT
administration (3, 10, and 30 mg kg~ "). The table lists percent decrease of
reuptake in males and females at the three doses.

over the years have not had unanimous recognition. It is well
established that alterations in serotonin chemistry likely underlie
the behavioral phenotypes of depression (Asberg et al., 1976a,b;
Owens and Nemeroff, 1994; Stockmeier, 2003). We are in a good
position to investigate the chemistry of the serotonin system from
a fundamental perspective. Our techniques, FSCV and FSCAY,
allow us to probe the essence of synaptic release and reuptake
of serotonin via the many parallel systems that regulate this
transmitters’ extracellular concentration.

There is a belief that neurochemistry in female rodents is
intrinsically more variable due to the estrous cycle (Beery and
Zucker, 2011). Accordingly, the majority of studies on serotonin’s
role in depression and antidepressant effects (including our own)
have so far only been in male mice (Borsini and Meli, 1988;
Stahl, 1998; Wood and Hashemi, 2013; Abdalla et al., 2017). Here,
we perform the first FSCV serotonin measurements in female
mice and investigate whether the different stages of the estrous
cycle alter the characteristics of serotonin neurochemistry. The
estrous cycle in rodents is approximately 4-5 days long and
is divided into four stages: proestrus, estrus, metestrus, and
diestrus. These stages can be determined through looking at
the difference in cell types in a vaginal smear under a standard

light microscope and correlating those differences to the stage of
estrous cycle (Caligioni, 2009; Byers et al., 2012) (Supplementary
Figure S2). The phase of the estrous cycle for each female mouse
was recorded and the responses of the mice in each respective
cycle were averaged. Figure 1 shows that none of the averaged
responses between the cycles differ statistically from the mean
of 10 females blinded for stage of cycle. Estrogen is thought to
modulate serotonin (Biegon et al., 1980; Rubinow et al., 1998),
although it is unclear to which extent this phenomenon extends
during the different stages of the cycle (Gundlah et al., 1998;
Maswood et al., 1999; Bethea et al., 2002) Overall, our data
do not have enough significance to support this notion in the
hippocampus. Additional data from male and female mice in
the mPFC (Supplementary Figure S3) also show no significant
differences between the sexes. An important caveat here is that,
while the hippocampus and mPFC are brain regions heavily
implicated in depression and antidepressant actions (Goldapple
et al., 2004; Kodama et al., 2004; Drevets et al., 2008), our study
has not included other brain regions thought to be important
in the pathology depression, which may show differences. An
additional point of note is the age range of animals used here since
there is evidence that depression rates vary with age (Anderson
et al.,, 1987; McGee et al., 1992; Hankin et al., 1998; Piccinelli and
Wilkinson, 2000). We utilized a broad age range (6-12 weeks)
to maximize potential observable differences. In Supplementary
Figure S1, we found no statistical differences between young
adult (6-8 week old) and adult (9-12 week old) mice.

Scientists have found a variety of sex differences in rodents
related to serotonin including: metabolism (Curzon and Bridges,
1970; Rosecrans, 1970; Kennett et al., 1986), synthesis (Nishizawa
et al., 1997), receptor binding (Fischette et al, 1983; Arango
et al, 1995; Parsey et al, 2002; Jovanovic et al, 2008),
transporter functions (McQueen et al., 1997; Jovanovic et al.,
2008), extracellular levels (Gundlah et al, 1998), and many
other processes (Biegon et al., 1980; Rubinow et al, 1998;
Dominguez et al., 2003). However, parallel studies have found
little to no differences in other aspects of the serotonin system
(Rosecrans, 1970; Kunimura et al., 2015). This incongruity
makes it very difficult to ascertain whether the serotonin system
plays a fundamental role in the disparity of depression between
male and females.

In Figure 2A, we see that evoked release and reuptake of
serotonin is remarkably reproducible in male vs. female mice.
A point of note is the high precision of these experimental data.
These data (Figure 2D) are essentially raw data (two analysis
steps include smoothing the data and conversion of current to
concentration). These data are highly reproducible, in contrast to
other chemical data that often needs to be normalized and shown
as a % change from baseline (Kaminska et al., 2018; Wojcieszak
et al., 2018). Also, compared to dopamine voltammetry studies,
where significant heterogeneity manifests as “hotspots” of
dopamine activity (May and Wightman, 1989; Wightman et al.,
2007), these serotonin data are much more uniform.

In Figure 2B, in the interest of scientific transparency,
we purposefully show all of our raw data that were used to
generate the average curves illustrated in the bottom panel. The
SEM of the maximum amplitude of the average female curve is
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FIGURE 5 | The male (blue, n = 5) and female (red, n = 5) basal serotonin levels were collected for 30 min. A saline injection (marked by a yellow bar) preceded
another 30 min of basal serotonin data was collected. At the gray bar, escitalopram (ESCIT, 10 mg kg~ ') was administered and 60 min of basal serotonin data was

collection. SEM is shown as a lighter bar behind.

4.3 nM. This small error is in accordance with our long-standing
hypothesis that the serotonin system is a profoundly regulated
one (Hashemi et al., 2009; Wood et al., 2014). Standard statistics
showed no difference in the amplitude or ¢/, and of evoked
release nor in basal [serotonin] (Figure 2). These statistical
findings emphasize both the high reproducibility of our data and
the tightly controlled in vivo serotonin system. To summarize
these data: there are no statistical differences between the stages
of the cycle and the mean in females. Critically, the averaged
responses between male and female mice are not different in the
CA2 region of the hippocampus.

Modeling Serotonin Signals Reveals

Potential Regulation Differences

We previously developed a model that deconstructs the chemical
signal as a function of the many synaptic processes that control
extracellular serotonin. Thus, modeling the experimental data
can provide specific information about the components of system
(Wood et al,, 2014). As a starting point, we fit the averaged male
and averaged female experimental data; the model hypothesized
two differences between the male and female evoked response.
First, the evoked response in males necessitated a larger model
input term to the terminal. Second, a stronger autoreceptor term
was necessary to model the female data. This finding is insightful
but requires further verification since the model was based on
the average, and not individual data. To further verify these
notions, we hypothesized potential biochemical processes that
underlie the findings.

Larger Model Input Term to the Terminal in Males
To model the experimental data, a larger input term was required
in male mice to fit the larger amplitude of evoked serotonin

release. We hypothesize three biochemical reasons for this larger
input. First, a higher amplitude response could be the result of
more axons. However, in most investigations, there have not been
significant differences found in the number of serotonin axons
between male and female mice (Jitsuki et al., 2009; Kunimura
et al., 2015; Rajkowska et al., 2017). Second, we postulate that
axons in male mice have a lower stimulation threshold than in
female mice. The literature has come to no consensus on this
front (Yang et al., 2015; Strupp-Levitsky et al., 2016). Third, we
put forth that more vesicular serotonin is released in response
to stimulation in male mice. This could be a result of a variety
of changes within the synapse ranging from vesicle number,
Ca’* dependent vesicular release, amount of serotonin released
with each vesicle fusion, or catabolism of released serotonin;
again these possibilities remain inconclusive based on current
literature (Mermelstein et al., 1996; Nishizawa et al., 1997;
Rehavi et al., 1998).

Larger Model Autoreceptor Term in Females

Previously, we showed that the dip below baseline after
stimulation was a fall in serotonin levels (Wood et al., 2014).
We modeled and pharmacologically verified that this decrease
in ambient serotonin level was due to prolonged autoreceptor
control. In these data, the model captured a larger dip below
baseline in females by necessitating a larger autoreceptor term.
We postulate that this is a function of a higher density of, or
higher functionality of autoreceptors in females. A significant
amount of current research suggests sex may affect quantity and
function of autoreceptors (Jones and Lucki, 2005; Goswami et al.,
2010; Goel et al., 2014). Jones and Lucki (2005), in particular,
determined that 5HT1B autoreceptor knockout mice exhibited
a sex-dependent increase in baseline hippocampal serotonin
present only in females. Goswami et al. (2010) found increased
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levels of 5SHT1D autoreceptor mRNA in serotonin neurons in the
dorsal raphe of females with major depressive disorder compared
to control females, a trend that did not persist in male subjects.

The literature does not enable verification of the model’s
two hypotheses, yet it is important to verify whether these
fundamental differences in serotonin chemistry exist in the
context of depression and/or antidepressant efficacy in males vs.
females. As a pharmacological means to verify these hypotheses,
we study acute methiothepin (non-selective serotonin receptor
antagonist, with high affinity for the autoreceptors) and
ESCIT administration.

Escitalopram Induces Differences in
Serotonin Uptake but Not Basal

Concentrations Between Sexes

With the increasing global rate of depression, the issue of
antidepressant efficacy is brought to the forefront. SSRIs have
been shown to have different effects in male and female patients in
clinical trials (Kornstein et al., 2000; Khan et al., 2005). In rodents,
SSRIs have differential effects by sex. For example, male and
female rodents respond differently in the forced swim test (FST)
(Cryan et al., 2002; Drossopoulou et al., 2004; Petit-Demouliere
et al,, 2005; Bogdanova et al., 2013). The FST is a behavioral test;
among other uses, it has been used to screen for antidepressant
efficacy after acute i.p. SSRI injections in naive animals (Borsini
and Meli, 1988; Willner, 1990).

In the context of antidepressant effects in male vs. female mice,
we sought to test the two hypotheses brought forth by the model
by adhering to the traditional SSRI screening procedure (acute
SSRI i.p. injection). The first hypothesis was that there is a higher
input to the serotonin terminals in male mice resulting in higher
amplitude of evoked release. For the hypothesis to hold, this
amplitude difference is expected to persist after SSRI. We used
three different doses of ESCIT and presented averaged control
evoked responses (n = 4 animals) and the averaged responses
30 min after SSRI administration. ESCIT administration slowed
the reuptake of serotonin, as predicted by the mechanism of
action of this agent. Notably, following ESCIT, there was a
systematic increase in the signal amplitude; however, there was
no consistency in amplitude change between the doses in the two
sexes. Specifically, at 30 mg kg~!, the female ESCIT response
amplitude is higher than that of the males. This finding nullifies
the model’s first hypothesis, since the higher amplitude in males
did not persist across all doses.

In addressing the second hypothesis brought forth by our
model, that there is stronger autoreceptor regulation in females,
we found that acute ESCIT was less effective at decreasing the
rate of serotonin reuptake at all doses in female mice. We propose
that this phenomenon could be due to increased functionality of
the serotonin autoreceptors, a notion supported in the literature
(Jones and Lucki, 2005; Goswami et al., 2010; Goel et al., 2014).
Increased autoreceptor activity could counteract SERT-mediated
effects of the SSRI, especially since 5SHT1-B autoreceptors are
G-protein coupled to the SERTs and have previously been

Female

= Post methio
= Control

o

= ESCIT and methio
ESCIT
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found to mediate serotonin reuptake (Montanez et al.,, 2014).
A potential rationale for increased autoreceptor control in female
mice is the modulation of serotonin by estrogen in the brain
(Biegon et al., 1980; Lu et al., 1999; Bethea et al., 2002; Abraham
et al., 2003; Sheng et al., 2004; Cornil et al., 2006; Barth et al,,
2015; Kunimura et al., 2015), a complex relationship previously
examined in in-depth reviews (Rubinow et al., 1998; Borrow and
Cameron, 2014). Estrogen is thought to modulate serotonin in
both male and female mice on both a slower, ambient level as well
as rapid, transient effects which can alter intracellular signaling
(Abraham et al.,, 2003; Cornil et al., 2006). The rapid changes
in estrogen are more commonly associated with female models
(Hansel and Convey, 1983). To protect against these “spikes”
in estrogen, we propose the stronger activity of autoreceptors
in female mice serve as a control mechanism. High levels
of extracellular serotonin are neurotoxic (Boyer and Shannon,
2005). In accordance with this, other researchers have found
increased density of 5SHT1 autoreceptors and a higher rate of
serotonin turnover in female vs. male mice, mediated by estrogen
(Biegon et al., 1980; Carlsson et al., 1985). To test this notion,
we pretreated male and female mice with methiothepine (0.1 mg
kg~!) before ESCIT administration (Figures 6A,B). We were
limited to using this small methiothepin dose because when
administered with SSRI, receptor antagonists induce the fatal
serotonin syndrome pathology. Statistically, we found that the
“dip” below baseline, that we previously attributed to serotonin
autoreceptors (Wood et al., 2014), is diminished in both sexes,
but to a larger extent in female mice (191 £ 13 data points
in the controls to 64.8 & 45 files after methiothepin treatment,
p = 0.048). This could point toward the fact that the female
serotonin signal is under greater autoreceptor control since the
same dose creates a larger effect (less of a correction is needed to
prevent the “dip” in males). While these data are good evidence
for stronger autoreceptor regulation in females, we find no effects
of methiothepin pretreatment on the #;/, of the ESCIT response
(Figures 6C,D where responses are normalized from animals
with and without methiothepin treatment). We thus reject the
notion that autoreceptors are responsible for the lesser effect of
ESCIT on the reuptake curve of serotonin in female mice. Other
hypotheses that may account for this sex specific response to
acute SSRI include metabolic effects (Curzon and Bridges, 1970;
Rosecrans, 1970; Kennett et al., 1986), SERT trafficking (Malison
et al., 1998; Joensuu et al., 2007), or promiscuous reuptake by
other monoamine transporters (Fox et al., 2008; Daws, 2009).
These effects will be the focus of future studies.

It is, however, important to note that the large electrical
stimulations necessary to collect FSCV files cause aphysiological
serotonin release. The stimulation allows us to test the nuances
of the regulation of the serotonin system; however, it is unlikely
that endogenous serotonin levels would spike to the levels we
observe in our evoked experiments. Thus, we measured the
ambient hippocampal serotonin response to ESCIT in male and
female mice using FSCAV. We selected the intermediary dose
of 10 mg kg~!, administered acutely. Interestingly, following
administration of ESCIT, basal serotonin increased in both
male and female mice with no detectable differences between
the sexes (Figure 4).

Taken together, these data suggest that sex-mediated
differences in serotonin reuptake following ESCIT in the context
of stronger autoreceptor control in females is present only in
response to the large electrical stimulation used with FSCV.
This aphysiological stimulation allows us to delve into the fine
biochemical differences that may exist within the synapse of
male and female mice. These differences are in place to protect
against potential variation in modulation between the sexes but
are only activated under unusual circumstances. Therefore, on
a physiological level, ESCIT appears to have consistent effects
across the sex lines in mice.

CONCLUSION

No distinction was found between the different stages of the
estrous cycle, in the hippocampus, in female mice. Furthermore,
the average male and female control serotonin signals and
ambient levels were not significantly different from each other.
Modeling the average male and female serotonin evoked signals
revealed a larger autoreceptor effect in female mice, which was
confirmed via methiothepin administration. It is important to
note that these autoreceptor differences may only be visible
under aphysiological conditions (such as electrical stimulation or
disease). Nonetheless, we showed that autoreceptor effects were
not responsible for our finding that acute SSRI are lesser able to
slow reuptake in female mice. Therefore, while there is evidence
that under physiological conditions, there are no differences
in hippocampal serotonin; the data presented here emphasize
considering sex as an important biological factor when evaluating
disease states and personalized treatment options.
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A Corrigendum on

In vivo Hippocampal Serotonin Dynamics in Male and Female Mice: Determining Effects of
Acute Escitalopram Using Fast Scan Cyclic Voltammetry

by Saylor RA, Hersey M, West A, Buchanan AM, Berger SN, Nijhout HE, Reed MC, Best ] and
Hashemi P (2019) Front. Neurosci. 13:362. doi: 10.3389/fnins.2019.00362

In the original article, there was a mistake in the legend for Figure 5 as published. The legend for
Figure 6 was accidently used instead. The correct legend appears below.

Figure 5| The male (blue, n = 5) and female (red, n = 5) basal serotonin levels were collected
for 30 min. A saline injection (marked by a yellow bar) preceded another 30 min of basal serotonin
data was collected. At the gray bar, escitalopram (ESCIT, 10 mg kg ') was administered and 60 min
of basal serotonin data was collection. SEM is shown as a lighter bar behind.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

Copyright © 2019 Saylor, Hersey, West, Buchanan, Berger, Nijhout, Reed, Best and Hashemi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 85

July 2019 | Volume 13 | Article 726


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2019.00726
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2019.00726&domain=pdf&date_stamp=2019-07-09
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:hashemi@mailbox.sc.edu
https://doi.org/10.3389/fnins.2019.00726
https://www.frontiersin.org/articles/10.3389/fnins.2019.00726/full
http://loop.frontiersin.org/people/678980/overview
http://loop.frontiersin.org/people/75615/overview
http://loop.frontiersin.org/people/48004/overview
http://loop.frontiersin.org/people/651062/overview
https://doi.org/10.3389/fnins.2019.00362
https://doi.org/10.3389/fnins.2019.00362
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Neuroscience

ORIGINAL RESEARCH
published: 24 April 2019
doi: 10.3389/fnins.2019.00245

OPEN ACCESS

Edited by:

Guillaume Lucas,

INSERM U1215 Neurocentre
Magendie, France

Reviewed by:

Luc Maroteaux,

INSERM U839 Institut du Fer a
Moulin, France

Bettina Bert,

Freie Universitat Berlin, Germany
Stefano Comai,

Vita-Salute San Raffaele University,
Italy

*Correspondence:
Jonas Waider
Waider_J@ukw.de

Specialty section:

This article was submitted to
Neuropharmacology,

a section of the journal
Frontiers in Neuroscience

Received: 29 September 2018
Accepted: 01 March 2019
Published: 24 April 2019

Citation:

Waider J, Popp S, Mlinar B,
Montalbano A, Bonfiglio F,

Aboagye B, Thuy E, Kern R, Thiel C,
Araragi N, Svirin E,
Schmitt-Béhrer AG, Corradetti R,
Lowry CA and Lesch K-P (2019)
Serotonin Deficiency Increases
Context-Dependent Fear Learning
Through Modulation of Hippocampal
Activity. Front. Neurosci. 13:245.
doi: 10.3389/fnins.2019.00245

Check for
updates

Serotonin Deficiency Increases
Context-Dependent Fear Learning
Through Modulation of Hippocampal
Activity

Jonas Waider'*, Sandy Popp’, Boris Mlinar2, Alberto Montalbano?,

Francesco Bonfiglio?, Benjamin Aboagye’, Elisabeth Thuy', Raphael Kern’,
Christopher Thiel', Naozumi Araragi®4, Evgeniy Svirin'%, Angelika G. Schmitt-Béhrer®,
Renato Corradetti2, Christopher A. Lowry” and Klaus-Peter Lesch'58

! Division of Molecular Psychiatry, Center of Mental Health, University of Wiirzburg, Wuirzburg, Germany, 2 Department

of Neuroscience, Psychology, Drug Research, and Child Health, University of Florence, Florence, Italy, ¢ Max Delbriick
Center for Molecular Medicine in the Helmholtz Association, Berlin, Germany, * Charité — Universitétsmedizin Berlin, Berlin,
Germany, ° Laboratory of Psychiatric Neurobiology, Institute of Molecular Medicine, I.M. Sechenov First Moscow State
Medlical University, Moscow, Russia, ° Department of Psychiatry, Psychosomatics, and Psychotherapy, Center of Mental
Health, University of Wirzburg, Wirzburg, Germany, ” Department of Integrative Physiology and Center for Neuroscience,
University of Colorado Boulder, Boulder, CO, United States, ¢ Department of Translational Psychiatry, School for Mental
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Brain serotonin (5-hydroxytryptamine, 5-HT) system dysfunction is implicated in
exaggerated fear responses triggering various anxiety-, stress-, and trauma-related
disorders. However, the underlying mechanisms are not well understood. Here,
we investigated the impact of constitutively inactivated 5-HT synthesis on context-
dependent fear learning and extinction using tryptophan hydroxylase 2 (Tph2) knockout
mice. Fear conditioning and context-dependent fear memory extinction paradigms
were combined with c-Fos imaging and electrophysiological recordings in the dorsal
hippocampus (dHip). Tph2 mutant mice, completely devoid of 5-HT synthesis in brain,
displayed accelerated fear memory formation and increased locomotor responses to
foot shock. Furthermore, recall of context-dependent fear memory was increased. The
behavioral responses were associated with increased c-Fos expression in the dHip and
resistance to foot shock-induced impairment of hippocampal long-term potentiation
(LTP). In conclusion, increased context-dependent fear memory resulting from brain 5-
HT deficiency involves dysfunction of the hippocampal circuitry controlling contextual
representation of fear-related behavioral responses.

Keywords: tryptophan hydroxylase 2, knockout, fear learning, extinction, long-term potentiation, hippocampus,
immediate-early gene, serotonin deficiency

INTRODUCTION

Anxiety disorders are common and result in substantial economic costs to individuals and society
(Bereza et al., 2009). The current global prevalence of anxiety disorders is approximately 7.3%,
ranging from 5.4 to 10.4% (Baxter et al., 2013). Many individuals meet diagnostic criteria for
multiple anxiety disorders and comorbidity with other psychiatric disorders (Kessler et al., 2005;
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Miyazaki et al, 2011). A hallmark of anxiety disorders is
dysfunctional acquisition and extinction of conditioned fear
memories (Grillon, 2002; Milad et al., 2008).

Evidence suggests that serotonin plays an important role
in control of anxiety and fear responses (Lesch et al., 1996;
Lowry et al., 2005; Maier and Watkins, 2005; Maier et al., 2006;
Baratta et al., 2016; Bocchio et al., 2016). Mice with a targeted
inactivation of Tph2 have provided insights into the role of 5-
HT in the modulation of anxiety-like behaviors. Previous studies
of lifelong deficiency of brain 5-HT synthesis are consistent
with the hypothesis that the brain serotonergic system plays an
important role in control of anxiety-like behaviors (Mosienko
et al.,, 2015), fear learning, and behavioral responses to stress
(Gutknecht et al., 2015), effects that might be due to alterations
in GABAergic transmission (Jorgensen et al, 2013; Waider
et al., 2013). Furthermore, mice with defects in 5-HT system
development leading to reduction of 5-HT neurons showed
differential anxiety-like behaviors and fear memory (Hendricks
et al,, 2003; Dai et al., 2008; Schaefer et al., 2009; Kiyasova et al.,
2011; Song et al,, 2011; Brooks et al., 2014). Indeed, the 5-HT
system is thought to play an essential role in the regulation of
fear memory in rodents (Graeft and Zangrossi, 2010; Bocchio
et al., 2016). Studies in animals demonstrate a direct anatomical
connection between the main sources of serotonin in the
brain, the brainstem dorsal and median raphe nuclei as well
as forebrain limbic structures, such as the medial prefrontal
cortex, hippocampus, and amygdala, that control anxiety and fear
responses (Maier et al., 2006; Hale and Lowry, 2011; Fernandez
et al,, 2016; Muzerelle et al., 2016). Of particular interest to
contextual fear conditioning is the dorsal hippocampus (dHip;
Bauer, 2015), which receives serotonergic projections primarily
from the median raphe nucleus (Azmitia and Whitaker-Azmitia,
1995; McQuade and Sharp, 1997; Lowry, 2002).

Consistent with this hypothesis, acute administration of
selective 5-HT reuptake inhibitors (SSRIs) 60 min before
testing results in a decrease in contextual fear expression
(Hashimoto et al., 1996; Li et al, 2001; Gravius et al.,
2006), while it increases conditioned fear expression in
auditory fear conditioning setting (Burghardt et al, 2007).
Furthermore, peripheral administration of SSRIs decreases
neuronal activity, immediate-early gene expression, and plasticity
in the hippocampus (Staubli and Otaky, 1994; Igelstrom and
Heyward, 2012; Ravinder et al,, 2013). In addition to these
effects of serotonergic signaling on fear expression, other
studies provide support for a role for multiple 5-HT receptor
types in the dHip in conditioned fear memory consolidation
(Schmidt et al., 2017).

We previously showed that Tph2 mutant (Tph2~/7)
mice display enhanced acquisition of conditioned fear
and escape-oriented behavior in response to aversive foot
shock, in association with altered basolateral amygdala
function (Waider et al, 2017). Here, we investigated the
impact of a lifelong abscence of brain 5-HT synthesis
on the contextual domain of fear learning, using fear
conditioning combined with an extinction paradigm, functional
immunohistochemistry, and electrophysiological recordings
within the hippocampal formation.

MATERIALS AND METHODS

Animals

Adult male Tph2t/*, Tph2*/~, and Tph2=/~ mice on a
mixed Sv129/C57BL/6N  genetic background (Gutknecht
et al, 2012), 2-5 months of age, were housed individually
in a controlled environment (12 h/12 h light/dark cycle,
light phase 7 am-7 pm, 21 £ 0.5°C room temperature,
50 £+ 5% humidity) with food and water ad libitum.
Mice were allowed to acclimate for 1 week before being
subjected to fear conditioning experiments. Tests were
performed during the light phase between 10:00 and 15:00.
All experiments were performed in accordance with the
European Parliament and Council Directive (2010/63/EU) and
were approved by local authorities (55.2-2531.01-57/12) and
(IT: 938/2017-PR).

Fear Conditioning and Contextual Fear

Extinction Training

In order to assess context-dependent fear memory and extinction,
Tph2=/=, Tph2*/~,and Tph2*/*+ mice (n = 8-9/genotype) were
exposed to a fear conditioning protocol as previously described
(Waider et al., 2017) and subsequently subjected to a context-
dependent extinction protocol (EXT; Figure 1). Briefly, on day
0, mice were placed by a blinded operator in randomized order
into the fear conditioning test box (TSE Systems, Homburg,
Germany), which was comprised of a transparent Perspex arena
(23 cm x 23 cm X 35 cm) on a stainless steel foot shock grid (floor
bars 4 mm diameter, distance rod center to rod center 8.9 mm)
that was connected to a shocker-scrambler unit for delivering foot
shocks of defined duration and intensity (Raab et al., 2018). The
arena was placed inside in a square-shaped base frame (outer size:
31 cm x 31 cm) with integrated animal detection sensors (XY and
Z axes featuring 16 sensors mounted 14 mm apart). All sensors
were scanned with a sampling rate of up to 100 Hz to monitor
the animal’s position and movement at high spatial and temporal
resolution. The test box was operated in a sound-attenuating
housing (52 cm x 52 cm X 65 cm) featuring a loudspeaker and
two lamps in the ceiling for software-controlled application of
acoustic stimuli and continuous house-light illumination (set to
100 lux in all testing phases), respectively.

Mice were allowed to freely explore for 2 min the test box
before receiving three pairings of a 20 s tone cue (80 dB,
4 kHz), co-terminating with a 2 s foot shock (FS, 0.6 mA)
at an inter-trial interval (ITI) of 1 min. Mice were removed
from the chamber 2 min after the last tone-shock pairing.
Starting 24 h after conditioning, mice were tested for recall
and extinction of context-dependent fear on two consecutive
days (day 1 and 2). Each extinction session consisted of re-
exposing the animals to the conditioning context for 800 s
without negative reinforcement.

Freezing was defined as no light-beam interruption for at least
2 s and expressed as percentage of time relative to total session
duration (Rivero et al., 2015; Raab et al., 2018). Additionally,
other indices of locomotor activity and exploratory behavior
(i.e., distance moved, mean and maximum velocity, activity vs.
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FIGURE 1 | Experimental design for c-Fos immunoreactivity after fear conditioning and context-dependent extinction. Tph2+/+, Tph2+/~, and Tph2~/~ mice were
exposed to a fear conditioning (FC) protocol and subsequently subjected to a context-dependent extinction protocol. On day O mice were placed in the conditioning
chamber receiving three pairings of a 20 s tone cue co-terminating with a 2 s foot shock. On day 1 and again on day 2, mice were tested for recall and extinction of
context-dependent fear memory using an extinction session consisting of re-exposing the animals to the conditioning context for 800 s without negative
reinforcement. Two hours after extinction on day 2, brains were dissected for hippocampal c-Fos expression analysis (EXT) and compared to controls that were left
undisturbed in the home cage (CTRL), controls that were exposed to the FC context and tone cue without foot shocks (FS-), and mice that underwent FC with
tone-signaled foot shocks (FS+) with brain dissection 2 h after the test (Waider et al., 2017).

inactivity, rearing) were measured continuously by the light-
beam detection system. Inactivity was defined as the percentage
of time the animal’s speed fell below a threshold of 2 cm/s. Using
the same fear conditioning system (TSE FCS 303410 series),
Misane et al. (2005) have shown that there is a close linear
correlation between operator-scored freezing (using a time-
sampling procedure in which the animal was instantly scored
as either freezing or active every 10 s) and computer-derived
inactivity (activity threshold 1 cm/s) both in context- and tone-
dependent memory tests. Moreover, Toth et al. (2012) have
shown that there is no difference between hand-scored freezing,
TSE-determined freezing (defined as no light-beam interruption
for at least 3 s), and Noldus Ethovision-determined inactivity.

To determine acquisition of the conditioned fear response,
freezing was measured continuously throughout the training
session. The maximum movement velocity was taken as an
indicator of the animal’s unconditioned reactivity to foot shock
(Waider et al., 2017). During extinction training, freezing was
continuously recorded in 20 s time-bins and, except for the first
20 s, averaged into blocks of 1 min to assess recall and extinction
of contextual fear memory.

C-Fos and Parvalbumin Immunostaining

in the Dorsal Hippocampus

Two hours after extinction on day 2, the brains of the mice
that underwent context-dependent extinction training (EXT)
were prepared for immunostaining of parvalbumin (PV) and
c-Fos as previously described (Waider et al., 2017). The brain
sections were analyzed and compared with the brains of mice
that were either left undisturbed in the home cage (CTRL),
exposed to the fear conditioning context and tone without foot
shocks (FS-), or underwent fear conditioning with tone-signaled
foot shocks (FS+) as previously described (Waider et al., 2017;

Figure 1). In brief, serially cut 30 pwm-thick cryostat sections
were used for immunofluorescent stainings. Primary antibodies
used were mouse anti-PV (1:200; Swant, Marly, Switzerland)
and rabbit anti-c-Fos (1:400; Santa Cruz Biotechnology, Dallas,
TX, United States). Sections were incubated in 1:400 diluted
secondary antibodies, goat anti-mouse 488 and goat anti-rabbit
555 (Invitrogen, Carlsbad, CA, United States). Pictures were
acquired with a motorized inverted system epifluorescence
microscope IX81 (Olympus, Tokyo, Japan). Pictures were taken
with 20x objective in x-y directions. Images were then processed
using CellSense (Olympus, Tokyo, Japan), and corrected for
contrast and brightness using ImageJ v2.0.0 (Schindelin et al.,
2012). Three to five sections from —1.06 mm bregma to
—2.06 mm bregma of the dHip, spaced 180 wm apart, were
delineated with contours according to a stereotactic atlas of the
mouse brain (Franklin and Paxinos, 1997). Immunoreactive (ir)
cells were counted as c-Fos-ir only when the nucleus, according to
DAPI (4, 6-diamidino-2-phenylindole) counterstaining, showed
complete fluorescent signal. When the PV signal superimposed
or surrounded the cell nucleus, it was counted as c-Fos/PV-ir.
The sum of counted cells of all sections per mouse were divided
by the total contour area to calculate the cell densities per
region of interest.

Electrophysiology

To investigate the impact of 5-HT deficiency on hippocampal
plasticity under basal conditions and after contextual fear
conditioning with unsignaled foot shocks, an independent cohort
of mice was either left undisturbed (naive controls) or subjected
to a foot shock procedure according to Dai et al. (2008).
Mice were placed in the box and allowed to freely explore for
2 min before receiving five foot shocks (0.5 mA, 2 s) with ITI
of 2 min. Two minutes after the last foot shock, mice were
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FIGURE 2 | Increased context-dependent fear memory recall but effective contextual extinction learning due to 5-HT deficiency. (A) Time-course analysis of the
conditioned fear response of Tph2+/+, Toh2*/~, and Tph2~/~ mice during acquisition training showing relative freezing levels before the first pairing of a tone cue
with a foot shock (pre-FS), during tone presentations and inter-trial intervals (ITl), and after the last foot shock (post-FS). (B) Unconditioned foot shock reactivity,
measured as maximum movement velocity before the first pairing of a tone cue with a foot shock (pre-FS) and following the foot shock (3 x FS). (C) Time-course
analysis of the freezing response during contextual fear memory recall and extinction training on day 1 and 2 after conditioning. (D) Average freezing scores in the
two extinction sessions. (E) Time-course analysis of the inactivity level during acquisition training showing relative inactivity levels. (F) Positive relationship between
freezing scores obtained after the last foot shock (post-FS) in the conditioning session and inactivity scores. Data are shown as means + or + SEM. *p < 0.05,
**p < 0.01 and ***p < 0.001.
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removed from the chamber and slices were prepared. Field
excitatory postsynaptic potentials (fEPSPs) in the CAl region
of the dHip were recorded in transversal slices as previously
described (Morini et al., 2011; Mlinar et al., 2015). LTP was
induced by theta burst stimulation (TBS) comprised of a single
train of 5 bursts of 5 stimuli (100 Hz intra-burst frequency, 5 Hz
burst frequency). Stimulation intensity for baseline measurement
and LTP induction was set to evoke fEPSP corresponding to 35-
40% of the maximal response. Typically, more than one slice was
used per mouse and the results of all determinations per genotype
and treatment are shown and analyzed in order to account for
the overall variability of LTP responses in the different genotypes.
Mean values from replicates (2-4) in the same animal were used
for genotype x treatment statistical analysis reported in results.

Statistical Analyses

Data were analyzed using IBM SPSS Statistics 21 (IBM Corp.,
Armonk, NY, United States) or GraphPad Prism version 6.00
(GraphPad Software, San Diego, CA, United States). Behavioral
data were analyzed by two- or three-way mixed analysis of
variance (ANOVA) with genotype as the between-subjects
factor and with time and day as within-subjects factors.
When appropriate, degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity.

An ANCOVA was performed in addition to the regular
ANOVA to adjust for the effect of post-shock freezing
(=covariate) on subsequent freezing during extinction sessions.
Immunohistochemical and electrophysiological data were
analyzed by two-way ANOVA with group and genotype as
between-subjects factors. Unless otherwise indicated, Bonferroni
post hoc tests were performed to evaluate significant main effects
or simple effects following a significant interaction. Correlations
between behavioral parameters and c-Fos expression were
calculated using the Pearson correlation coeflicient.

Results are presented as mean £ SEM unless stated otherwise.
The significance level was set at p < 0.05 and p < 0.1 was
highlighted as approaching statistical significance.

RESULTS

Increased Acquisition of Fear

Conditioning in Tph2~/~ Mice

Two-way mixed ANOVA for freezing during fear acquisition
training (Figure 2A) revealed a significant main effect of time
[F(2.8,64.4) = 17.54, p < 0.001] and genotype [F(z,zg) = 7.70,
p = 0.003], as well as a time x genotype interaction
[F(5.6,64.4) = 273, p = 0.023]. Post hoc tests showed that
freezing levels were very low before the first tone-shock pairing
and gradually increased thereafter over the course of training.
However, Tph2~/~ mice acquired the conditioned fear response
more rapidly than Tph2*t/~ and Tph2*/* mice, as evidenced
by significantly elevated freezing levels Tph2~/~ mice from the
second tone presentation onward. Furthermore, the reactivity to
foot shock, as measured by the maximum movement velocity
(Vmax), was significantly increased in Tph2~/~ compared to

Tph2/~ and Tph2*/* mice [genotype effect: F(3) = 9.63,
p < 0.001; Figure 2B].

Moreover, comparison of baseline (pre-FS) Vmax and foot
shock-induced Vmax revealed a significant increase in all three
genotypes (Tph2t/*: p < 0.01, Tph2*/~: p < 0.001 and
Tph2~/~: p < 0.0001), thereby demonstrating that Tph2*/+ and
Tph2*/~ mice showed a clear response to FS, which was further
exaggerated in Tph2~/~ mice [phase x genotype interaction:
F(2.23) = 8.223, p = 0.002].

Besides freezing, we analyzed inactivity using an
activity threshold of 2 cm/s. Baseline (pre-FS) inactivity
(immobility/resting: ~20-25%) did not significantly differ
between genotypes (p = 0.861; Figure 2E). Inactivity increased
linearly across tone-FS trials in all three genotypes [main
effect of phase: F(42,962) = 55.73, p < 0.0001] and reached
maximum levels after three tone-FS pairings (~61% in Tph2*/+
and Tph2*/=, ~76% in Tph2~/~ mice). Similar to freezing,
Tph2~/~ mice were significantly less active than Tph2*/~ and
Tph*/* mice after the 2nd and 3rd tone-FS pairing [phase x
genotype interaction: F(g4,962) = 2.27, p = 0.026]. Moreover,
there was a close linear correlation between post-shock freezing
and post-shock inactivity (r = 0.926, p < 0.0001) with similar
steepness of regression slopes in Tph2t/*, Tph2t/~ and
Tph2~/~ mice (Figure 2F).

Increased Recall but Effective Extinction
of Contextual Fear Memory in Tph2~/~
Mice
Analysis of freezing during extinction training on day 1 and 2
after fear conditioning revealed a significant time-bin x genotype
[F(9.5,149.5) = 2.02, p = 0.041, Figure 2C] and day x genotype
[F(2,299) = 5.29, p = 0.013, Figure 2D] interaction, but no
genotype main effect [F(323) = 2.09, p = 0.147]. Post hoc tests
showed that, within sessions, Tph2~/~ mice promptly froze upon
placement into the conditioned context, while freezing onset
was slightly delayed in Tph2*/~ and Tph2*/* mice. Moreover,
freezing levels of Tph2~/~ mice remained elevated during the
first minutes of testing but were indistinguishable from the other
genotypes at the end of the session due to a steeper decline of
the freezing response in Tph2~/~ compared to Tph2*/~ and
Tph2*/F mice (Figure 2C). Accordingly, Tph2~/~ mice showed
a significantly stronger decrease of freezing than Tph2t/~ and
Tph2+/ T mice across the two extinction sessions (Figure 2D).
Since Tph2~/~ mice displayed significantly enhanced
acquisition of conditioned fear and post-shock freezing levels
in the conditioning session, we performed an analysis of
covariance to control for differences in post-shock freezing
levels. Three-way mixed ANCOVA confirmed a significant
effect of post-shock freezing [F(1,22) = 12.56, p = 0.002] as well
as a time-bin x genotype [F(9.9,1386) = 2.46, p = 0.011] and
day x genotype [F(2285) = 2.73, p = 0.087] interaction on the
freezing scores obtained during extinction training. Post hoc tests
again showed that Tph2~/~ mice froze significantly more than
Tph2t/~ and Tph2*/* mice during the first 20 s of context
re-exposure. However, freezing levels were indistinguishable
among genotypes thereafter. Furthermore, Tph2~/~ mice
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were able to extinguish the conditioned fear more efficiently
than Tph2*t/~ and Tph2*/* mice, as evidenced by a stronger
decline of the freezing response both within and across the two
extinction sessions.

Taken together, these results indicate that 5-HT deficiency
due to Tph2 inactivation augmented context-dependent fear
memory recall and facilitated both intra- and intersession
extinction learning.

Increased c-Fos Activation Due to Fear
Conditioning in Tph2~/~ Mice

Because of the strong effect of 5-HT deficiency on post-shock
freezing, an indicator of short-term memory for contextual fear
(Fanselow, 1980), we analyzed c-Fos activation in the dHip and
its subregions, dentate gyrus (DG), cornu ammonis area 1 (CA1),
and 3 (CA3) of Tph2~/~, Tph2*/~ and Tph2*/* mice that were

either left undisturbed in the home cage (CTRL), exposed to
the fear conditioning procedure without foot shocks (FS—) or
with foot shocks (FS+), or subjected to fear conditioning and
subsequent extinction training (EXT) (Figure 3).

An increased density of c-Fos-ir cells was found in the
dHip, especially in the granule cell layer and hilus of
the DG (Figure 3A) of FS+ TphZ_/ ~ mice. Quantification
confirmed a significant genotype x group interaction for the
density of c-Fos-ir cells in the total dHip [F(ss1) = 3.05,
p = 0.0126; Figure 3B], in the DG [F(¢,51) = 2.31, p = 0.0477;
Figure 3C], and in the CAl area [F(s 51) = 2.59, p = 0.0288;
Figure 3D]. Post hoc analyses showed that the number of
c-Fos-ir cells was increased in the total dHip, DG and CAl
of Tph2=/~ after fear conditioning relative to respective
Tph2t/~ and Tph2t/* FS+ controls as well as to CTRL,
FS—, and EXT Tph2~/~ mice (p < 0.01). A similar activation
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pattern was observed in the CA3 region, although only a
group main effect was detected [F(351) = 9.59, p < 0.0001;
Figure 3E], with a significantly increased density of c-Fos-
ir cells in FS+ animals compared to CTRL, FS—, and EXT
mice (all p < 0.001).

Correlation analysis of the conditioned fear response (post-
shock freezing) with the c-Fos-ir cell density in FS— and FS+
animals detected a strong positive relationship specifically in
Tph2~/~ mice (r > 0.7501, p < 0.0321; Table 1). A similar
but less exclusive correlation pattern was observed for the
density of c-Fos-ir cells with the unconditional response to FS
(shock reactivity). Taken together, these data indicate that fear
conditioning in Tph2~/~ mice increased hippocampal activity,
while context-dependent extinction training of fear memory
normalized hippocampal c-Fos expression within the dHip of
Tph2~/~ mice.

Foot Shock Reduces C-Fos Activation of
PV-ir Cells in 5-HT-Deficient Mice

Since PV-ir neurons in the hippocampus were previously
shown to be involved in contextual memory (Donato et al,
2013), we analyzed c-Fos-ir neurons in the dHip by double-
immunofluorescent staining with PV, a marker of a subset
of inhibitory GABAergic interneurons (Gulyas et al, 1999).
Because c-Fos-ir densities did not differ between CTRL and
FS— animals but were highly increased in fear-conditioned FS+
Tph2~/~ mice, we focused our further analyses on the FS+
group compared to the CTRL group (Figure 4). PV-ir cells
were predominantly found in the CA3 and CA1 regions of the
dHip, specifically in the stratum lacunosum, pyramidal layer, and
stratum oriens with a high density of c-Fos/PV double-ir neurons
in the CAl region (Figures 4B,E). In the total dHip, ANOVA
detected an almost significant genotype x group interaction
for the density of c-Fos/PV double-ir neurons [F(324) = 3.14,
p = 0.06; Figure 4C]. PV-ir neurons in FS+ Tph2~/~ mice
showed reduced c-Fos-ir cells relative to CTRL Tph2~/~ mice
(p = 0.053), while FS+ Tph2+/* and Tph2*/~ mice displayed no
alterations compared to respective CTRL mice. Within the FS+
group, Tph2*/~ mice showed the highest c-Fos/PV-ir density
compared to Tph2*/* (p = 0.05) and Tph2~/~ (p = 0.009) mice.

In CAl, a similar but significant genotype x group interaction
was detected for the density of c-Fos/PV double-ir neurons

[F(2,24) = 4.77, p = 0.018; Figure 4E]. Post hoc tests revealed that
CTRL Tph2~/~ mice showed increased c-Fos/PV double-ir cell
densities relative to CTRL Tph2t/* (p = 0.047). However, FS+
Tph2~/~ mice showed reduced c-Fos/PV double-ir cell densities
relative to CTRL Tph2~/~ as well as FS+ Tph2t/~ (p < 0.05)
and FS+ Tph2t/* (p < 0.1) mice. Neither differences among
genotypes nor among CTRL and FS+ groups were found for
the density of PV-ir neurons in dHip (Figure 4D) and CAl
(Figure 4F). Altogether these data indicate increased recruitment
of PV neurons in the dorsal CA1 region of CTRL Tph2~/~ mice,
which is absent after fear conditioning.

LTP Impairment by Inescapable Foot

Shock Is Absent in Tph2-Deficient Mice

In the CALl region, plasticity is modulated by endogenous 5-
HT (Mlinar et al., 2015). Here, we investigated the impact
of 5-HT deficiency on TBS-induced LTP of fEPSP in the
hippocampal CA1 region of Tph2-deficient mice (Figure 5C).
Similar LTP of fEPSP responses were found across genotypes
in naive mice (Figure 5A, upper panels), indicating that
basic mechanisms underlying LTP are preserved in the life-
long absence of 5-HT. Since the 5-HT system has been
implicated in foot shock-induced impairment of LTP (Dai
et al, 2008), we compared LTP in slices obtained from
animals exposed to repeated foot shock stress (Figure 5A,
lower panels, B,D). Two-way ANOVA revealed a significant
genotype x group interaction [F(330) = 9.37 p = 0.0484;
Figure 5D]. Post hoc analysis confirmed decreased LTP in
Tph2*/* (p = 0.0011) and Tph2t/~ (p = 0.002) mice after
foot shock relative to naive controls, an effect that was absent
in TphZ_/ ~ mice (Figures 5A,B,D) indicating that presence
of 5-HT during foot shock is required for the stress-induced
impairment of LTP.

DISCUSSION

We previously showed that lifelong absence in brain 5-
HT synthesis following constitutive Tph2 inactivation
in mice enhanced acquisition of conditioned fear and
promoted unconditioned escape responses to electric
foot shock (Waider et al., 2017). Here, we were able to
replicate and extend these findings, which indicate that

TABLE 1 | Pearson’s correlation of shock reactivity and post-shock freezing with c-Fos density in the dorsal hippocampus and its subregions of FS— and FS+ animals.

Shock reactivity Post-shock freezing
Total +/+ +/—- -/- Total +/+ +/— —/-
dHip r 0.6636 0.7071 0.5517 0.7493 0.6193 0.2035 0.2821 0.8590
P 0.0006 0.0756 0.1563 0.0324 0.0016 0.6616 0.4985 0.0063
DG r 0.6592 0.7065 0.3972 0.8409 0.6083 0.2151 0.1633 0.9279
P 0.0006 0.0759 0.3298 0.0089 0.0021 0.6432 0.6992 0.0009
CA1 r 0.6453 0.4586 0.8015 0.7217 0.5401 —0.0100 0.6363 0.7501
P 0.0009 0.3006 0.0168 0.0433 0.0078 0.9830 0.0898 0.0321
CA3 r 0.5561 0.7337 0.4562 0.5655 0.5950 0.3135 0.2460 0.7541
P 0.0059 0.0605 0.2558 0.1441 0.0027 0.4936 0.5570 0.0307
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FIGURE 4 | Lifelong brain 5-HT synthesis deficiency prevents activation of parvalbumin-ir neurons in fear conditioning. (A) Anti-parvalbumin (PV) (green) and c-Fos
(red) immunofluorescent staining with DAPI in the dorsal hippocampus (dHip) of a fear conditioned Tph2*/~ mouse. (B) Magnified with magnified area of cornu
ammonis area 1 (CA1). Density of c-Fos/PV-ir cells of home cage control (CTRL) and fear-conditioned (FS+) Tph2t/+, Tph2+/~, and Tph2~/~ mice in (C) dHip and
(E) CA1. PV-ir cell density of CTRL and FS+ Tph2*/+, Tph2+/~, and Tph2~/~ mice in (D) dHip and (F) CA1. Data are shown as means + SEM. *p < 0.05;

**p < 0.01. Two-way ANOVA followed by Fisher’s LSD post hoc test. Scale bar: 100 wm.

constitutive Tph2 inactivation results in faster acquisition
of conditioned fear and increased escape-like behavior
in response to foot shock, as well as enhanced contextual
representation of the fear memory, but functional extinction
of the context. By combining fear conditioning with
immediate-early gene expression, our data emphasize that
lifelong 5-HT deficiency renders the dHip hyperexcitable in
fear conditioning.

The dHip encodes the contextual component of fear
learning during early acquisition phases (Fanselow and Dong,
2010; Maren et al., 2013). Furthermore, direct glutamatergic
projections from the BLA to the dHip have been shown to be
both necessary and sufficient for repeated long-term foot shock-
mediated memory impairments (Rei et al., 2015), while neurons
in the BLA become activated during hippocampal theta network
activity or optogenetic stimulation of CAl pyramidal neurons
(Bienvenu et al., 2012; Bazelot et al., 2015).

Because compensation through a 5-HT-dependent
mechanism are absent in Tph2~/~ mice (Gutknecht et al.,
2012; Waider et al., 2017), resilience to foot shock-mediated
memory impairments may be derived directly from absence
of 5-HT signaling in the dHip. Indeed, inescapable foot shock
and novel aversive contexts were reported to impair contextual
memory and the induction of LTP in the hippocampal CA1l
region (Foy et al., 1987; Sacchetti et al., 2002; Dai et al., 2008).

Moreover, it has long been suggested that 5-HT
counteracts the consolidation of stressful ~memories,
presumably mediated by 5-HT1A receptors in the dHip,
which then may lead to tolerance with chronic aversive
events (Graeff et al, 1996). In contrast to LmxIb cKO
mice, which lack raphe 5-HT neurons (Dai et al, 2008),
5-HT neurons in Tph2~/~ mice are unable to synthesize
5-HT, but are functionally preserved (Gutknecht et al., 2012;
Montalbano et al., 2015).

Here, we chose a consolidated foot shock protocol
(Dai et al., 2008) to investigate whether the absence of
5-HT influences hippocampal LTP formation to allow
direct comparison of our data with those obtained using
a different animal model of 5-HT system impairment.
Although the protocol applied for the LTP and the behavioral
experiments differed and, therefore, quantitative correlation
of plasticity impairment with the behavioral effects was
not possible, our results demonstrate that 5-HT is required
for foot shock-induced impairment of LTP. Indeed, 5-
HT has been shown to shift hippocampal activity along
the longitudinal axis toward the ventral part (Mlinar and
Corradetti, 2018). Thus, an absence of this mechanism
in Tph2~/~ mice may result in an overactivation of the
hippocampal circuitry, manifested as enhanced c-Fos
immunostaining and overrepresentation of the contextual
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component in fear learning. In line with this, a mouse model
lacking hippocampal serotonergic input showed alterations in
contextual fear memory with no differences in LTP formation
under baseline conditions (Fernandez et al., 2017).

However, recall of context-dependent aversive memory is
exaggerated in Tph2~/~ mice, supporting the view that 5-HT
mediates inhibition of context-dependent aversive memories
through inhibition of LTP, while under non-aversive conditions,
increased endogenous 5-HT release facilitated LTP induction
in the CAl region, and may underlie the in vivo positive
effects of augmented 5-HT tone on cognitive performance
(Mlinar et al., 2015).

In this respect, it may be of interest in a follow up
study to analyze the response of the ventral hippocampus,
which is involved in emotional fear processing (Fanselow and
Dong, 2010), and is modulated differentially by 5-HT along its
longitudinal axis (Mlinar and Corradetti, 2018).

Formation of context-dependent memories requires changes
in the expression of calcium-binding proteins of GABAergic
interneurons, including hippocampal PV-ir cells (Bienvenu et al.,
2012; Donato et al., 2013, 2015). In line with previous studies,
5-HT has been shown to modulate PV-specific neurons in the
hippocampus (Gulyas et al., 1999). Our results hint toward an
involvement of CA1 PV-ir neurons in context-dependent fear
conditioning, which is prevented in Tph2~/~ mice, although
activity of the hippocampus is generally increased. Especially in
Tph2*/~ mice, fear conditioning recruited the highest number
of PV-ir neurons. Thus, it seems that 5-HT-dependent activation
of PV neurons may protect the dHip from overactivation.
Furthermore, the increased hippocampal activity in Tph2~/~
mice due to fear conditioning may prevent an increased response
of the BLA, as observed in Tph2*/~ mice, to inhibit flight
or panic responses (Waider et al.,, 2017). Thus, further studies
are required to investigate the differential role of 5-HT on
PV neuron-dependent theta synchronization in Hip and BLA
(Amilhon et al., 2015).

Increased active coping in novel, aversive, and inescapable
situations is mediated through an amygdala-ventrolateral
periaqueductal gray (vIPAG) circuit, mediated through the
dorsolateral PAG (Hale et al.,, 2012; Tovote et al.,, 2016). 5-HT
neurons of the vIPAG inhibit panic-like responses mediated by
dorsolateral PAG neurons (Pobbe et al., 2011; Spannuth et al,
2011). Indeed, Tph2~/~ mice show increased post-shock freezing
and increased flight responses, although the BLA did not respond
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Major depressive disorder (MDD) is the most prevalent mental illness contributing to
global disease burden. Selective serotonin (5-HT) reuptake inhibitors (SSRIs) are the
first-line treatment for MDD, but are only fully effective in 30% of patients and require
weeks before improvement may be seen. About 30% of SSRI-resistant patients may
respond to augmentation or switching to another antidepressant, often selected by trial
and error. Hence a better understanding of the causes of SSRI resistance is needed
to provide models for optimizing treatment. Since SSRIs enhance 5-HT, in this review
we discuss new findings on the circuitry, development and function of the 5-HT system
in modulating behavior, and on how 5-HT neuronal activity is regulated. We focus on
the 5-HT1A autoreceptor, which controls 5-HT activity, and the 5-HT1A heteroreceptor
that mediates 5-HT actions. A series of mice models now implicate increased levels
of 5-HT1A autoreceptors in SSRI resistance, and the requirement of hippocampal
5-HT1A heteroreceptor for neurogenic and behavioral response to SSRIs. We also
present clinical data that show promise for identifying biomarkers of 5-HT activity,
5-HT1A regulation and regional changes in brain activity in MDD patients that may
provide biomarkers for tailored interventions to overcome or bypass resistance to SSRI
treatment. We identify a series of potential strategies including inhibiting 5-HT auto-
inhibition, stimulating 5-HT1A heteroreceptors, other monoamine systems, or cortical
stimulation to overcome SSRI resistance.

Keywords: serotonin, antidepressant, autoreceptor, knockout, imaging, brain stimulation, noradrenalin, brain-
derived growth factor

INTRODUCTION

Major depressive disorder (MDD) has a high incidence and low remission rate with the current
therapeutic strategies. Major depression is the largest contributor to global disability by years lived
with disability, and anxiety disorders rank sixth (World Health Organization [WHO], 2017). The
annual prevalence of depression is 4.4% overall, 3.6% in men and 5.1% in women (Baxter et al.,
2014; World Health Organization [WHO], 2017). Major depression is diagnosed by persistent
symptoms such as sadness, irritability, anhedonia or changes in appetite or sleep patterns that
could result in suicidal thoughts and attempts (Kessler and Bromet, 2013). Genetic or biomarkers
for major depression remain elusive, and current genome-wide association studies indicate
that individual genetic polymorphisms contribute only a small increase in risk for depression.
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Brain imaging studies are beginning to reveal changes in
functional connectivity associated with major depression that
may predict treatment response (Drysdale et al., 2017; Dunlop
etal., 2017). However, at present diagnosis of depression is made
by psychiatric interviews, and treatment is not always effective.

Selective serotonin reuptake inhibitors (SSRIs) are the first-
line treatment for major depression but are only effective for
remission in 30% of patients (Rush et al., 2009). Furthermore,
a latency of 2-3 weeks is required for response, and even
longer to ascertain remission. Thus, a better understanding of
how SSRIs mediate their actions could be useful to identify
biomarkers or predictors of SSRI response and to enhance
treatment efficacy.

SSRIs enhance the function of the serotonin (5-
hydroxytryptamine, 5-HT) system and 5-HT has long been
implicated as a mediator of antidepressant actions (Cowen,
2008). As a neuro-glial modulator, 5-HT functions throughout
the body to regulate a diversity of homeostatic systems. In the
brain, 5-HT is implicated in regulation of pain, sleep, appetite,
stress, mood, and emotion (Jacobs and Azmitia, 1992). In this
review, we discuss the actions of 5-HT in the nervous system
and on behavior and how 5-HT activity is regulated, focusing
on the 5-HT1A receptor, which both controls 5-HT activity and
mediates 5-HT actions (Albert, 2012; Garcia-Garcia et al., 2014).
We address how SSRI actions are mediated, mechanisms that
promote resistance to chronic SSRI treatment, and how SSRI
resistance may be predicted and overcome. In addition, while
most animal studies were using males, we have noted studies that
include females. Taken together, there is strong evidence from
rodent models that increased 5-HT1A autoreceptor function
contributes to depression and SSRI resistance, while activation
of hippocampal 5-HT1A heteroreceptors is required for SSRI
action. Several potential targets to bypass these mechanisms of
SSRI resistance are highlighted including reducing 5-HT auto-
inhibition, activating the 5-HT system pharmacologically or
through brain stimulation, activating 5-HT1A heteroreceptors,
or bypassing the 5-HT system by activating other monoamine
systems (Figure 1).

In this review we focus mechanisms of resistance to
SSRIs involving altered activity of 5-HT neurons via 5-HT1A
autoreceptors and how these changes can be overcome by
targeting 5-HT1A receptors, non-5-HT mechanisms or activity-
induced neuroplasticity. Several alternative strategies proposed
to bypass the auto-inhibition of 5-HT neurons by targeting
other 5-HT receptor subtypes are not discussed here, but have
been reviewed recently. These include use of 5-HT4 agonists
(Samuels et al., 2016), 5-HT2C or 5-HT7 antagonists (Ramaker
and Dulawa, 2017), or 5-HT1B (Nautiyal and Hen, 2017) or
5-HT2B ligands (Quentin et al.,, 2018) as novel antidepressant
strategies that may overcome SSRI resistance (Artigas, 2013).

THE SEROTONIN SYSTEM

Serotonin: Circuitry and Development

The cells responsible for brain 5-HT synthesis uniquely express
tryptophan hydroxylase-2 (TPH2), the rate-limiting enzyme for
5-HT synthesis (Walther et al., 2003; Lesch et al., 2012) and are

localized in the mesencephalon, pons and medulla oblongata.
The majority of 5-HT cells are located in the raphe nuclei
in midbrain, in the dorsal, median and caudal raphe sub-
regions, which are interconnected [e.g., between dorsal and
caudal raphe (Bang et al, 2012)]. The anatomy of the raphe
5-HT projections were characterized initially using histochemical
fluorescence (Ungerstedt, 1971), and then using labeled with
[*H]5-HT, and verified using unilateral injection of the selective
serotonin neurotoxin 5,7-dihydroxytryptamine (Azmitia and
Segal, 1978; Jacobs and Azmitia, 1992). The rostral dorsal (DR)
and median (MR) raphe nuclei project 5-HT fibers via the median
forebrain bundle to forebrain areas, while the caudal raphe nuclei
innervate cerebellar and spinal targets (Gaspar and Lillesaar,
2012; Maddaloni et al., 2017). Thus, virtually the entire central
nervous system receives 5-HT input (Jacobs and Azmitia, 1992).
Serotonin neurons within the DR are functionally heterogeneous
(Calizo et al., 2011; Okaty et al., 2015; Fernandez et al., 2016)
and show diverse projections. Fiber tracing has revealed that
individual 5-HT neurons are highly branched and send input
to multiple forebrain structures (Gagnon and Parent, 2014).
Retrograde tracing using retrobeads indicates that DR subregions
may preferentially project to different targets (Waselus et al.,
2006) and global mapping of 5-HT projections using viral
retrograde tracing has revealed two main projection subtypes:
from ventral DR to anterior cortical regions, and from dorsal DR
to subcortical regions (Ren et al., 2018). Interestingly, these 5-
HT pathways have opposing effects on anxiety and depression
phenotypes. In particular, the 5-HT pathway projecting to
the amygdala was activated by reward and punishment and
promoted anxiety phenotypes, while the frontal cortex projection
was activated by reward but inhibited by punishment and
promoted an anti-depressed phenotype (Ren et al, 2018).
Targeting 5-HT release in the frontal cortex could thus produce
a specific and more robust antidepressant effect, avoiding the
anxiogenic effects often seen with acute SSRI treatment and
thought to involve activation of the amygdala (Arrant et al,
2013). Thus, globally targeting 5-HT using SSRI treatment is
likely to activate antagonistic pathways that could contribute to
adverse acute effects or to resistance to SSRI treatment.

The raphe nuclei in turn receive inputs from the numerous
regions to which the 5-HT neurons project (Pollak Dorocic
et al., 2014; Weissbourd et al., 2014; Ren et al., 2018). The
majority of projections to the DR are from the hypothalamus,
amygdala, medulla and cortex, with the central amygdala
sending projections mainly to GABAergic DR interneurons,
while the cortical projections are mainly to 5-HT neurons.
In contrast, the MR receives sparse input from amygdala,
prefrontal cortex (PFC) or other cortical areas, but stronger
from hypothalamus and midbrain (Pollak Dorocic et al., 2014).
Importantly, DR neurons projecting to anterior cortex receive
strongest innervation for cortical regions, while DR cell targeting
amygdala receive more innervation from the amygdala (Ren
et al., 2018), suggesting a role for feedback regulation of 5-HT
projections by the target neurons.

The development of the 5-HT system was addressed in
the early 1980s, immunohistochemical studies showed that
raphe 5-HT cells are generated from embryonic day (e) ell-
15 of gestation in rats and the initial axonal sprouting of
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Locus Coeruleus

FIGURE 1 | Summary of target sites to overcome SSRI resistance. Shown is a 5-HT neuron (yellow) that is refractory to SSRI treatment. Brain regions highlighted
include raphe containing 5-HT neurons, locus coeruleus containing norepinephrine (NE) neurons (orange), and forebrain (green), which includes frontal cortex,
hippocampus, amygdala, brain regions implicated in antidepressant response. Several potential sites of intervention to augment SSRI response or bypass SSRI
treatment are shown. These include: (1) Blocking (X) auto-inhibition (via 5-HT1A autoreceptor or signaling blockers); (2) Reducing 5-HT1A autoreceptor expression
(via desensitization, HTR1A gene repression or 5-HT-targeted 5-HT1A siRNA); (3) Increasing (arrow) 5-HT neuronal activity (via cortical stimulation); (4) Increasing
5-HT neuroplasticity (e.g., synaptogenesis); (5) Increasing 5-HT1A heteroreceptor activity (via biased 5-HT1A agonists); (6) Increasing 5-HT1A heteroreceptor
expression (via inhibiting 5-HT1A-selective repressor activity); (7) Increasing cortical activity (via ketamine, cortical stimulation); (8) Bypassing 5-HT (via activation of

other monoamines such as NE using transporter blockers or agonists).

Forebrain
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@&  5-HT1Areceptors
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5-HT-containing neurons occurs at el2 (Wallace and Lauder,
1983). By el7, most of the forebrain areas and the frontal part
of the neocortex become innervated by 5-HT fibers. The cortical
plate is innervated by 5-HT by e18, which forms a deep bundle
of fibers sprouting laterally/dorsally within the cortical areas
(Jacobs and Azmitia, 1992). The 5-HT innervation terminates
in occipital cortex suggesting that 5-HT fibers encircle the brain
in a rostro-caudal direction (Wallace and Lauder, 1983). By
€21, increases in 5-HT axonal density and terminal formation
in subcortical regions are detectable and the latter continues
postnatally, resembling the adult brain by post-natal day (p)
p3. These early studies were further verified in mice by tracing
of GFP-labeled 5-HT neurons through postnatal development
(Maddaloni et al., 2017). By p6 increased 5-HT fiber density
and terminals are seen in the thalamus, hypothalamus, and
cerebellum. At p10-14, 5-HT fibers reach mature levels in all
cortex layers and by p21 all terminal fields are fully innervated
by 5-HT (Dori et al., 1996; Dinopoulos et al., 1997). Starting
from p28, the fibers differentiate to attain an adult morphology
(Maddaloni et al., 2017). Using knockout approaches, it has
been shown that development of 5-HT projections is dependent
on several axonal guidance, planar cell polarity factors (e.g.,
SLIT1/2, Frizzled3, and Vangl2) (Kiyasova and Gaspar, 2011)
and cellular adhesion molecules (e.g., protocadherins) (Katori
et al, 2009). In addition to a developmental role, 5-HT is
also important for maintenance of 5-HT circuitry in adulthood.
Using conditional TPH2GFP knockin mice, 5-HT depletion
was found to increase GFP-labeled 5-HT fiber density in
the hippocampus, while reducing it in other brain regions,
such as the thalamic paraventricular nucleus (Pratelli et al,
2017), implicating 5-HT in development but also maintenance
of 5-HT circuitry.

The timing of 5-HT development corresponds with a
critical period that has been identified for the development

of anxiety and depression phenotypes (Albert et al., 2014;
Garcia-Garcia et al,, 2014). For example, transient knockout
or inhibition of 5-HT1A receptors during the early postnatal-
adolescent period results in a persistent anxiety/depression
phenotype that is not rescued by gene re-activation in
adulthood (Gross et al., 2002; Lo Iacono and Gross, 2008;
Donaldson et al., 2014; Garcia-Garcia et al., 2017b). More
recently it has been shown that early life manipulation of
the 5-HT system, including early life SSRI treatment, alters
5-HT innervation and neural circuitry in adult and impacts
adult behavior (Gaspar et al, 2003; Gingrich et al, 2017
Teissier et al, 2017). In this regard, disruption of 5-HT
projections by conditional deletion of protocaderin-alphaC2
results in a mild depression-like phenotype in mice, implicating
forebrain 5-HT innervation in behavioral phenotypes (Katori
et al, 2009; Chen et al, 2017), and as potential target
for new antidepressant treatments (Figure 1). The lack of
effect on behavior of adulthood 5-HT1A gene rescue in the
forebrain of 5-HTI1A knockout mice (Gross et al, 2002)
suggests that developmental alterations in 5-HT innervation
may confer behavioral phenotypes in adulthood that are more
resistant to SSRI treatment, although this remains to be tested
in these models.

Serotonin Dynamics: Synthesis
and Reuptake

The differentiation of neuronal progenitors to express
serotonergic markers like TPH2 is primarily driven by the
transcription factor Pet-1, which is expressed only in 5-HT
neurons and directly activates the TPH2 gene (Liu et al., 2010;
Jacobsen et al., 2011). The activity of TPH is quite low at
birth and reaches 60% of adult levels by p2 in rats (Deguchi
and Barchas, 1972). Similarly, 5-HT levels reach 75% of adult
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values by p2 and maximize by p3 (Bennett and Giarman,
1965). The level of extracellular 5-HT in the brain is tightly
controlled by the neuronal uptake system at the presynaptic
nerve endings to maintain internal homeostasis. Serotonin
transporter proteins (SERT) are expressed at release sites and
efficiently transport released 5-HT back into the cell via a high
affinity Na™/CI~ dependent active transport system (Amara and
Kuhar, 1993). These high affinity transporters are the targets
of many antidepressant compounds. Imipramine and related
tricyclic compounds were shown to have antidepressant activity
(Lehmann et al.,, 1958) and then found to inhibit both SERT
and the norepinephrine transporter (NET) resulting in a longer
half-life of the neurotransmitter in the synaptic cleft (Pletscher,
1991). These and other observations led to the hypothesis that the
reduced activity of monoamine systems, like NE and/or 5-HT are
associated with depression (Schildkraut, 1965; Coppen, 1967).

5-HT Synaptic Contacts

and Neuroplasticity
Several modes of 5-HT neurotransmission have been described.
Classically, 5-HT neurons arising from the midbrain raphe
nuclei are thought to project throughout the brain form
direct synapses with target neurons. Interestingly, 5-HT is
also released non-synaptically from varicosities (Descarries
et al, 1975), a diffusion-based neurotransmission termed
“volume transmission” (Fuxe et al., 2007). The 5-HT in
an extra-synaptic space preferentially modulates the activity of
excitatory/inhibitory synapses, in contrast to its neurotransmitter
functions at dendrites or cell bodies (De-Miguel and Trueta,
2005; Kiss, 2008). To finely modulate the activity of excitatory and
inhibitory neurons, 5-HT projections form close contacts with
these cells, or synaptic triads, as detected by electron microscopy
in rodent (Ciranna, 2006). Belmer et al. (2016,2017) have mapped
changes in 5-HTergic axonal density and the formation of triadic
connectivity within different corticolimbic regions. They
detected 5-HT T+ varicosities in close proximity to presynaptic
excitatory and inhibitory nerve terminals. Asymmetrical
synapses/excitatory triads were identified in cortical and
hippocampal areas, while symmetrical synapses/inhibitory triads
were mainly located in subcortical areas. These results suggest
that 5-HT projections may preferentially target excitatory
vs. inhibitory neurotransmission, depending on the region.
The balance between 5-HT regulation of glutamate vs. GABA
neurons in the prefrontal cortex is postulated to account for
behavioral phenotypes observed upon reduction or activation
of 5-HT neurotransmission in transgenic mouse models.
Our model postulates that the behavioral phenotype shifts as
5-HT activity increases from none (anxious/aggressive) to low
(anxious/depressed) to high (anxious, not depressed) in part due
to a dose-dependent shift in 5-HT targeting from glutamate to
GABA neurons in the PFC (Albert et al., 2014). The role of 5-HT
triads in behavior remains unclear, and the presence of 5-HT
triads in human subjects remains to be addressed.

There is evidence that environmental stress can modify
the activity of the 5-HT system in a region-specific manner.
For example, acute exposure of rats to swim stress increases

5-HT in the striatum but decreases it in the lateral septum
and amygdala (Waselus et al.,, 2006), with no changes in the
cortex and hippocampus (Kirby et al, 1995). Stress-induced
regional activation targets different 5-HT neuron populations
in the DR, but the mechanisms that trigger this specificity
remain unclear. In addition, there is evidence that stress-induced
neuroplastic changes may remove or alter 5-HT innervation
to modify 5-HT action, which can be reversed by deep brain
stimulation (Veerakumar et al., 2014). A salient loss of 5-HT
fiber density was found in the orbitofrontal cortex (OFC) in
depressed subjects, suggesting that region-specific modifications
of 5-HT innervation contribute to the pathology of depression
(Rajkowska et al., 2017). Harnessing 5-HT neuroplasticity using
deep brain stimulation may provide a new treatment strategy
in depressed patients that may be resistant to SSRI treatment
due to deficient 5-HT innervation in some forebrain areas
(Figure 1). Taken together, alterations in the activity of the 5-HT
system, including in 5-HT synthesis, 5-HT innervation, or 5-
HT degradation differentially impact the activity of the different
brain areas and provide potential targets for antidepressant
therapy (Figure 1).

In addition to differences in 5-HT projections, different sub-
regions of the raphe nuclei have been associated with depression
and anxiety. The caudal DR and MR share similar origins and
many projections compared to the rostral DR (Commons, 2016).
Increasing evidence is suggesting different functional roles of
the rostral DR and caudal DR/MR in anxiety and depression
phenotypes. Activation of caudal DR by inescapable shock stress
or by CRH injection is associated with depression-like behavior
providing stronger support for a pro-depression effect of caudal
DR (Hammack et al., 2002). In the post-natal FLX model, reduced
activity of the rostral DR was associated with behavioral despair,
while hyper-activity of the MR led to anxiety-like behavior
(Teissier et al., 2015). A recent paper shows that knockout
of CACNAIC L-type calcium channel subunit gene in 5-HT
neurons results in behavioral despair associated with increased
activity of caudal DR and inhibition of the rostral DR, via 5-
HTIA receptor activation (Ehlinger and Commons, 2019). In
post-mortem raphe tissue from depressed suicide compared to
control brains, TPH2 RNA is increased in mid-caudal DR (Bach-
Mizrachi et al., 2008) and 5-HT1A receptors in higher in mid-
rostral DR than in caudal DR (Stockmeier et al., 1998; Boldrini
et al., 2008), which may suggest reduced 5-HT1A-mediated auto-
inhibition of the caudal DR vs. rostral DR. Thus, region-specific
activation of the caudal DR/MR and 5-HT1A-induced inhibition
of rostral DR appear to associate with depression and possibly
anxiety phenotypes.

5-HT1A RECEPTORS

5-HT1A Autoreceptor and
Heteroreceptor Function

Additional important targets of antidepressant treatment are the
5-HT receptors, particularly the 5-HT1A receptor (Figure 1).
A large family of at least 14 distinct receptor subtypes mediates
the actions of 5-HT on brain function (Hoyer et al., 2002).

Frontiers in Neuroscience | www.frontiersin.org

April 2019 | Volume 13 | Article 404


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Vahid-Ansari et al.

Overcoming Resistance to SSRIs

@ Freud-1/5-HT1A repression

& S5-HT1Areceptors

@&  Other 5-HT receptors
T~ 5.HT1ASsiRNA

Raphe Autoreceptors
Wild-type

G

A Freud-1 raphe-KO

S

B S5-HT1ASiRNA
5-HT1A dox- A 5-HT
G O 7 4

C 5-HT1Ahippo-KO

G

> 5.HT

Vv 5-HT

> 5. HT

FIGURE 2 | Opposite roles of 5-HT1A autoreceptor vs. heteroreceptors in behavior and SSRI response. Shown are the effects on the serotonin system and behavior
in mouse or rat knockout/knockdown (X) genetic models compared to wild-type animals. Models included were generated with: (A) Over-expression of 5-HT1A
autoreceptors (using knockout of 5-HT1A repressor Freud-1/CC2D1A in adult 5-HT neurons); (B) knock-down of 5-HT1A autoreceptors (using raphe-targeted
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5-HT1A siRNA (Bortolozzi et al., 2012) or inducible genetic knock-down); or (C) loss (using gene knockout) of 5-HT1A heteroreceptors in hippocampal granule cells.
The effect of these knockouts on 5-HT1A transcription (right angle arrow) and receptor levels, 5-HT auto-inhibition (curved red arrows), 5-HT neuronal activity (black
arrows), depression- or anxiety-like behavior and response to chronic SSRI treatment (++, + or —) are shown. Increasing the expression of 5-HT1A autoreceptors
reduces 5-HT activity leading to anxiety and/or depression-like behavior resistant to SSRI treatment (Vahid-Ansari et al., 2017). Knockdown of adult 5-HT1A
autoreceptors induces a stress-resilient state and enhances SSRI responsiveness (++) (Richardson-Jones et al., 2010), but can also lead to an anxiogenic response
to subchronic SSRI with extensive knockdown (Turcotte-Cardin et al., 2019). The loss of hippocampal granule cell 5-HT1A heteroreceptors leads to depression and

anxiety phenotypes and prevents SSRI response (Samuels et al., 2015).

Much attention has focused on the 5-HT1A receptor subtype,
among the most abundant and widely expressed 5-HT receptors
in the brain (Barnes and Sharp, 1999; Beliveau et al., 2017).
5-HT1A receptors have a dual function: as somatodendritic
autoreceptors located on 5-HT neurons in the raphe nuclei; and
as postsynaptic heteroreceptors, which exist on target non-5-HT
neurons in 5-HT projecting areas (Figure 2) (Riad et al., 2001;
Albert, 2012; Garcia-Garcia et al., 2014). Serotonin released in
the raphe activates 5-HT1A autoreceptors to negatively regulate
the firing of the serotonin system (Blier et al., 1998; Albert and
Francois, 2010; Garcia-Garcia et al., 2014) (Figure 2), although
with greater inhibition in DR compared to MR (Beck et al., 2004).
This 5-HT1A-mediated auto-inhibition is often not observed
in vitro, unless physiological levels of tryptophan are added to
support 5-HT synthesis (Liu et al., 2005). Release of serotonin at
target neurons activates 5-HT1A heteroreceptors that are most
abundantly expressed in the hippocampus, septum, amygdala,
and PFC (Albert et al., 1990), where it mediates 5-HT actions
on fear, anxiety, stress, and cognitive function (Albert et al.,
2014; Garcia-Garcia et al., 2014). In the forebrain, 5-HT1A
heteroreceptors are expressed on two antagonistic neuronal

populations, to modulate the activity of excitatory glutamatergic
pyramidal neurons and inhibitory GABAergic interneurons,
in parallel (Celada et al., 2013; Albert et al., 2014). Thus, 5-HT1A
receptors both negatively regulate global 5-HT activity and
mediate 5-HT responses in target neurons.

The roles of 5-HT1A receptors in brain function have been
tested pharmacologically by the administration of 5-HTIA
receptor-selective compounds (Fletcher et al., 1996). However,
these compounds do not discriminate between 5-HT1A auto-
or heteroreceptors, but target all 5-HT1A receptors. They
include the agonist 8-hydroxy-2-(di-n-propylamino)tetralin
(80OH-DPAT), which is selective for 5-HT1A receptors, but
can activate 5-HT7 receptors with 10-fold lower affinity. The
antagonist WAY100635 is highly specific in blocking 5-HT1A
receptors, but activates dopamine-D4 receptors with 10-fold
lower potency (Chemel et al., 2006). Systemic administration of
8-OH-DPAT produces acute hyperphagia, hypothermia, and an
anxiolytic effect in rodents. The behavioral and physiological
effects of 80OH-DPAT are blocked by pretreatment with the
5-HT1A antagonist, WAY 100635. In clinical trials, 5-HT1A
partial agonists, such as buspirone, are currently used as
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anxiolytics (Lucki, 1996). Buspirone and other 5-HT1A receptor
partial agonists and antagonists are also reported to enhance the
therapeutic effects of antidepressants (Blier and Ward, 2003),
as seen in the Sequenced Treatment Alternatives to Relieve
Depression (STAR*D) study (Trivedi et al., 2006a) (Figure 1).
These anxiolytic compounds appear to trigger distinct signaling
pathways from full agonists like 5-HT or 8OH-DPAT (Albert
et al., 1999; Pauwels and Colpaert, 2003), which may contribute
to their preferential actions on anxiety and to augment SSRI
actions, but this remains to be clarified.

5-HT1A Receptor Signaling

The 5-HT1A receptor signals via inhibitory G proteins (Gi/Go)
to reduce neuronal excitability and inhibit firing rate. The 5-
HT1A auto- and hetero-receptors have the same intronless
coding sequence and share canonical Gi/Go signaling pathways
including: inhibition of adenylyl cyclase to reduce PKA activity;
opening of G-protein inward rectifying potassium (GIRK)
channels to hyperpolarize membrane potential; and inhibition of
voltage-gated calcium channels (Ca2™) to reduce calcium influx
and calcium-calmodulin kinase activity (Raymond et al., 1999;
Albert and Vahid-Ansari, 2018). Nevertheless, they appear to
signal differently to G proteins and to tyrosine kinase effectors
such as ERK1/2 and Akt-GSK3 (Polter and Li, 2010; Albert
and Vahid-Ansari, 2018). For example, 5-HT1A autoreceptors
couple to inhibition of ERK1/2 activation in raphe RN46A
cells (Kushwaha and Albert, 2005), while the hippocampal 5-
HT1A heteroreceptor activates ERK1/2 via a PKC-mediated
pathway (Adayev et al, 1999; Mogha et al, 2012). The
latter pathway is implicated in 5-HT-induced hippocampal
synaptogenesis in development (Mogha et al., 2012), while the
former may participate in long-term 5-HT1A-induced auto-
inhibition of raphe function. Recent transgenic models have
implicated hippocampal 5-HT1A-Gi2 signaling and Akt-GSK3p
in fluoxetine-induced anti depressant actions in mice (Talbot
et al, 2010; Polter et al, 2012). Importantly, global 5-HT1A
knockout (Santarelli et al., 2003) or specific deletion of the gene
in hippocampal dentate gyrus granule cells (Samuels et al., 2015)
prevents fluoxetine-induced hippocampal neurogenesis and anti
depressant and anti-anxiety actions, implicating hippocampal 5-
HT1A receptors in fluoxetine action (Figure 2). Taken together,
5-HT1A autoreceptors and heteroreceptors signal to diverse,
sometimes opposing pathways to mediate the acute and sustained
effects of the serotonin system on anxiety and depression (Albert
and Vahid-Ansari, 2018). Identifying biased 5-HT1A ligands
that target autoreceptor vs. heteroreceptor signaling may provide
useful tools to separately target these receptors that have opposite
effects on depression and SSRI response (Figure 2) (Assie et al.,
2010; Becker et al., 2016).

SEROTONIN PROJECTIONS
AND BEHAVIOR

Optogenetic and Chemogenetic Studies
The 5-HT system plays important roles in physiological and
behavioral function. Despite the large body of studies implicating

functional perturbations in this system in a variety of behaviors,
the role of specific 5-HT projections from different parts of
the raphe remains unclear. Recently, optogenetic studies directly
activating 5-HT neurons have revealed novel and sometimes
opposing roles for DR stimulation in behavior. For example, Liu
and coworkers showed that the acute activation of 5-HT cells
in DR results in reinforcement (Liu et al., 2014), while others
found a role for this pathway in patience for delayed reward,
with no role in reinforcement (Fonseca et al., 2015). Similarly,
in one study acute photostimulation of DR 5-HT cells reversibly
decreased mechanosensory responses in behaving mice (Dugue
et al, 2014), while another showed that phasic optogenetic
activation of DR 5-HT neurons produces a transient inhibition
in locomotion, but also a persistent increase after chronic
stimulation (Correia et al., 2017). Optogenetic stimulation of
5-HT neurons in the MR produced an anxiogenic effect in
the elevated plus maze while no behavior changes were found
when stimulating the DR (Ohmura et al, 2014). However,
stimulating DR projections to the dorsal bed nucleus of the
stria terminalis (BNST) to activate inhibitory 5-HT1A receptors
was anxiolytic in the elevated plus maze test, and inhibition of
those 5-HT axons was instead anxiogenic (Garcia-Garcia et al.,
2017a). Oppositely, optogenetic activation at higher power of
a DR projection to the ventral BNST activates (via excitatory
5-HT2C receptors) an anxiogenic CRH neurons that silence
anxiolytic BNST output neurons (Marcinkiewcz et al., 2016). This
latter circuit appears mediate an acute SSRI-induced anxiogenic
response. It is likely that 5-HT input to different neuronal
populations (e.g., glutamatergic vs. GABAergic) via different
receptors (e.g., 5-HT1A vs. 5-HT2) can have opposing effects
on behavior (Albert et al, 2014). Thus, targeting the 5-HT
system using SSRIs may trigger antagonist neural circuits in
some individuals that minimize their efficacy as anti-anxiety or
antidepressant treatments, or even lead to adverse effects like
anxiogenesis. In these cases, augmentation of SSRI with 5-HT1A
partial agonists may enhance the antidepressant response by
modulating receptor-specific stimulation by 5-HT.

With regard to the role of different subsets of 5-HT neurons
in anxiety- or depression-like behavior, a recent report in mice
shows that activating 5-HT neurons of the DR with different
projections can have opposite effects on anxiety (Ren et al., 2018).
Chemogenetic activation of DR 5-HT neurons projecting to the
amygdala, BNST and paraventricular hypothalamus promoted
anxiety-like behavior. These 5-HT neurons in the DR express
SERT but not vGLUT3 and conditional knockout of TPH2 in
this pathway revealed a prodepressant effect of this pathway. In
contrast, a distinct population of 5-HT neurons projecting to
the anterior cortical areas including the OFC, improved coping
behavior in the face of challenge, and had an anti-anxiety effect.
The role of 5-HT in these actions was verified by conditional
knockout of TPH2 in this pathway. Interestingly, in human
depressed subjects a deficiency in 5-HT axon length in OFC
Layer VI has been reported (Rajkowska et al., 2017). In mice, the
OFC-projecting 5-HT cells co-express SERT and VGLUT3 and
are located in the ventral DR (Ren et al., 2018). In agreement,
specific inhibition of the DR in mice had prodepressant actions,
while MR inhibition had the opposite effect (Teissier et al., 2015).
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Chemogenetic stimulation of the raphe induced antidepressant
and anti-anxiety effects, which were blunted in a depression
model (Teissier et al., 2015). Similarly, optogenetic stimulation of
the MR also induced anxiety-like behavior (Ohmura et al., 2014).
These studies lead to the hypothesis that the heterogeneity of
5-HT neuron projections in the DR and MR is associated with
distinct behavioral outcomes, and their activity can be modified
by changes in activity associated with depression (Teissier
et al., 2015). New clinical approaches involving stimulation of
discrete brain regions implicated in depression may activate the
appropriate 5-HT circuits to induce stable remission, particularly
in the presence of concurrent SSRI treatment (Figure 1). In this
regard, a recent prospective study has used deep transcranial
magnetic stimulation (dTMS) in SSRI-resistant patients and
show enhanced response with SSRI compared to dTMS alone
(Tendler et al., 2018).

Serotonin and Neuroplasticity

The adult brain can adapt to environmental and internal stimuli
with structural and functional changes known as plasticity and
the 5-HT system appears to enhance neuroplasticity of target
brain areas (Azmitia, 1999; Batsikadze et al., 2013; Castren and
Hen, 2013; Kraus et al., 2017). For example, neuroplasticity
following monocular deprivation in adult rats is restored by
chronic SSRI treatment (Maya Vetencourt et al., 2008). In human
depressed post-mortem brain compared to controls, a lower
density of SERT+ 5-HT axons is seen in orbitofrontal cortex
(Rajkowska et al., 2017). Conversely, excessive 5-HT during
development is associated with dystrophic 5-HT projections in
human autism (Daubert and Condron, 2010; Azmitia et al,
2011a,b) and defects in cortical pyramidal and interneuron
migration, as seen in 5-HTT-/- mice (Riccio et al, 2009;
Riccio et al., 2011). In rodents and humans, chronic SSRI
treatment increases the expression in hippocampus and cortex
of neurotrophins like brain-derived neurotrophic factor (BDNF),
in part via activation of the transcription factor, CREB (D’Sa
and Duman, 2002) to mediate behavioral improvement (Jin
et al., 2017). Reductions in hippocampal BDNF are seen in
human depression (Chen et al., 2001) and associated with
the BDNF-Val66Met and 5-HTTLPR risk alleles and reduced
5-HT1A receptor function (Chen et al., 2006; Homberg et al.,
2014). Yet, the effect of these polymorphisms on response
to SSRI treatment in human depression remains controversial
(Domschke et al., 2010).

The 5-HT system also has a modulatory effect on long-
term synaptic plasticity of glutamatergic neurotransmission
underlying LTP and/or LTD in learning and memory, with
no changes in glutamate level (Fernandez et al, 2017).
In the amygdala, 5-HT release and activation of 5-HT1A
heteroreceptors induced a reduction in excitatory synaptic
transmission followed by a 5-HT4 receptor-mediated
potentiation (Huang and Kandel, 2007). Conditioned fear
stress increases 5-HT levels in the amygdala and mediates
LTP via 5-HT1A receptor activation (Yokoyama et al., 2005;
Johansen et al., 2011). 5-HT1A receptor activation reduces
EPSPs in several brain regions by activities such as down-
regulation of NR2B receptors in cortical pyramidal neurons

(Yuen et al., 2005) or reductions of AMPA currents and surface
expression of GluR2/3 receptors (Schiapparelli et al., 2005).
Thus, 5-HT1A heteroreceptors can alter plasticity through
a variety of mechanisms including regulation of glutamate
receptors, synapse formation, alterations in 5-HT projections.
The ability to target these post-synaptic signaling mechanisms
could enhance response to SSRI treatment (Figure 1).

In addition, 5-HT neurons themselves undergo neuroplas-
ticity in response to chronic antidepressant treatment. In
particular, chronic deep brain stimulation of the prefrontal
cortex increases social interaction in chronic social defeat mice.
Cortical stimulation was associated with recovery of 5-HT
neuron firing activity, reduction of 5-HT neuron dendritic length
and branching, increased glutamatergic synapses in the DR,
and recovery of 5-HT synaptic density and/or size in the PFC,
hippocampus and amygdala (Veerakumar et al., 2014). Thus
chronic brain stimulation can induce 5-HT plasticity both in the
raphe and in its projections to target regions.

5-HT1A-Mediated Neurogenesis

and Neuroplasticity

In addition to regulating neuroplasticity, 5-HT1A receptors
have been implicated in adult hippocampal neurogenesis
(Santarelli et al., 2003; Banasr et al., 2004; Klempin et al,
2010). Direct activation of 5-HT1A receptors using SOH-DPAT
increases progenitor cell proliferation, which is blocked by
5-HT1A antagonist WAY100635 (Banasr et al., 2004; Klempin
et al., 2010) or an inhibitor of ERK1/2 signaling (Cai et al,,
2019). The effects of chronic SSRI treatment on hippocampal
neurogenesis and anxiety- or depression-like behavior are
blocked using 5-HT1A antagonists (Klempin et al., 2010) or
by knockout of 5-HTIA receptors, globally or specifically
on granule cells of the hippocampus (Santarelli et al., 2003;
Samuels et al, 2015) (Figure 2). These findings suggest that
the behavioral effects of chronic SSRI treatment are mediated
by stimulation of hippocampal neurogenesis, which requires
5-HT1A heteroreceptors. On the other hand, mice with over-
expression of 5-HT1A heteroreceptors show increased adult
neurogenesis (in females but not males) (Noto et al., 2016),
suggesting that 5-HT1A receptor levels can drive increase in
hippocampal neurogenesis. However, knockout models of loss of
5-HT1A receptors or of 5-HT did not alter basal neurogenesis
(Santarelli et al., 2003; Diaz et al., 2013). In addition, the role of
5-HT1A receptors in adult hippocampal neurogenesis in humans
has not been addressed. The extent of hippocampal neurogenesis
in adult humans, though supported by solid evidence, remains
difficult to assess (Kempermann et al., 2018). Directly targeting
5-HT1A-induced neurogenesis could bypass resistance to SSRIs
associated with reduced activity of 5-HT neurons (e.g., due to
increase 5-HT1A autoreceptors, Figure 2).

Thus, the therapeutic action of antidepressants is dependent
on a balanced activity of 5-HT1A auto vs. heteroreceptors
(Samuels et al, 2015) (Figure 2). Activation of 5-HTIA
autoreceptors reduces 5-HT activity and response to SSRI
treatment. Activation of 5-HT1A heteroreceptors stimulates
hippocampal neurogenesis and regulates dendritic maturation
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in the hippocampus and frontal cortex associated with the
antidepressant response (Samuels et al., 2015). Consistent with
roles in neuroplasticity and neurogenesis, levels of 5-HT1A auto-
and heteroreceptors appear to correlate oppositely with cortical
gray matter thickness. Multimodal imaging studies show that in
MDD patients, an increase in raphe 5-HT1A binding potential
is correlated with reduced cortical thickness values and fewer
5-HT tracts projecting to the cortex, while increased terminal
5-HT1A receptors correlate with increased gray matter volume
in several cortical and hippocampal regions (Kraus et al., 2012;
Zanderigo et al., 2018). Therefore, higher activity of 5-HT1A
autoreceptors residing on serotoninergic raphe cells puts the
brakes on 5-HT neurotransmission in target areas and affects
their synaptic plasticity.

SEROTONIN, ANTIDEPRESSANTS,
AND DEPRESSION

Clinical Studies

Several lines of evidence have implicated reduced 5-HT as a key
risk factor for major depression. The current first-line therapy
for major depression targets the 5-HT system (Trivedi et al,
2006b). In particular, selective 5-HT reuptake inhibitors (SSRIs),
such as fluoxetine or citalopram, specifically block SERT to
selectively increase 5-HT neurotransmission. This selectivity for
5-HT results in less severe adverse effects compared to tricyclic
antidepressants like imipramine that also target noradrenalin
reuptake (Cipriani et al., 2016, 2018) and can block alphal-
adrenergic receptors, inducing orthostatic hypotension in some
patients (Glassman, 1984). Chronic treatment with SSRI was
shown to be effective in major depression, anxiety, and several
other mood disorders, implicating serotonin (Charney et al.,
1990). Acute tryptophan depletion to acutely reduce 5-HT, also
supports a role for decreased 5-HT in depression, or at least in
the relapse of recovered depressed patients (Leyton et al., 1997;
Delgado et al., 1999; Young and Leyton, 2002; Jans et al., 2007).
5-HT and its metabolites are reduced in the cerebrospinal fluid
of depressed patients and especially of depressed suicide victims
(Asberg and Traskman, 1981; Asberg, 1997; Mann and Malone,
1997; Moberg et al., 2011). Reductions cortical 5-HT receptor
levels are also seen in PET imaging studies of living depressed
patients and in post-mortem studies (Yatham et al., 2000; Mintun
et al., 2004; Berney et al, 2008; Savitz and Drevets, 2009;
Hesselgrave and Parsey, 2013; An et al.,, 2016). Several studies
have found that normal women have significantly higher 5-HT1A
receptor (Parsey et al., 2002; Jovanovic et al., 2008) and lower
5-HTT binding potentials (Jovanovic et al., 2008; Underwood
et al., 2018) than men, in raphe and several cortical regions. By
contrast in male but not female MDD, 5-HT1A autoreceptors
were increased compared to controls (Kaufman et al., 2015),
while females showed reduced PFC 5-HT1A receptors (Szewczyk
et al, 2009). In post-mortem studies, decreases in cortical
5-HT1A receptor RNA and binding site levels are observed
(Lopez-Figueroa et al., 2004; Stockmeier et al., 2009; Szewczyk
et al.,, 2009), but in some areas increases are seen (Anisman
etal., 2008). Oppositely, increased levels of 5-HT1A autoreceptor

binding have been reported in the DR, particularly in the
rostral DR (Stockmeier et al., 1998; Boldrini et al., 2008).
Similarly in PET imaging studies, reductions in cortical 5-HT1A
heteroreceptors and increases in raphe 5-HT1A autoreceptors
have been found in depressed subjects compared to controls
(Savitz et al, 2009; Hesselgrave and Parsey, 2013; Kautzky
et al., 2017; Milak et al., 2018). These results suggest a reduced
activity of the 5-HT system driven by increased 5-HT1A
autoreceptors and/or reduced 5-HT1A heteroreceptors may
predispose to MDD. In agreement, functional variants affecting
gene expression in the 5-HT system, such as the 5-HTTLPR
and 5-HT1A rs6295 polymorphisms have been implicated in
disease susceptibility and response to antidepressants (Serretti
et al., 2007; Le Francois et al, 2008; Newman-Tancredi and
Albert, 2012; Pettitt, 2015). However, these markers alone are not
robust enough to predict response to SSRI treatment (Kato et al.,
2015), which remains insufficient. The STAR*D study showed
that only one-third of patients given the SSRI citalopram as
first-line treatment achieved remission and that about 10-15%
more responded to combination therapy (Trivedi et al., 2006b).
Therefore, in many patients, targeting the serotonin system or
other monoamine systems is insufficient for benefit. Patients who
fail two or three types of treatments are classified as treatment-
resistant (Rush et al., 2009). Identifying animal models that can
be used to address mechanisms of treatment resistance and how
to overcome it remains a major challenge (O'Leary et al., 2014;
Willner and Belzung, 2015).

Rodent Models of SSRI Resistance

Several transgenic and knockout mouse models indicate the
role of dis-inhibition of the 5-HT system in response to
SSRI treatment (Figure 2). A common theme is that 5-HT1A
autoreceptor-mediated inhibition of 5-HT neurons prevents
behavioral responses to SSRI treatment (Artigas et al., 1996; Blier
and Ward, 2003). First, the time course of 5-HT1A autoreceptor
desensitization follows the latency for clinical response to
SSRI and other antidepressants, suggesting that reduced 5-
HT auto-inhibition is required for SSRI response (Blier and
Ward, 2003). Second, pharmacological inhibition [e.g., using
pindolol (Blier and Ward, 2003)] or inducible repression of
5-HT1A autoreceptors in adult 5-HT neurons was shown to
enhance and accelerate response to SSRI treatment (Richardson-
Jones et al., 2010). Similarly, acute down-regulation of 5-HT1A
autoreceptors using 5-HT1A-siRNA targeted to 5-HT neurons
induces an acute antidepressant response in rats (Bortolozzi
et al., 2012). However, mice with more extensive knockdown
(in 90% of 5-HT neurons) of 5-HT1A autoreceptors results in
an anxiogenic response to sub-chronic (9 d) SSRI treatment
in both sexes, which may be due to hyper-activation of the 5-
HT system (Turcotte-Cardin et al., 2019). Third, targeted gene
deletion of a repressor of the 5-HT1A receptor gene (Freud-1)
in adult 5-HT neurons to up-regulate 5-HT1A autoreceptors,
reduces 5-HT neuronal activity and results in a fluoxetine-
resistant anxiety and depression phenotype in both male and
female mice (Vahid-Ansari et al.,, 2017). Taken together, these
different rodent models implicate 5-HT1A autoreceptors in SSRI
resistance (Figure 2).
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In contrast to 5-HT1A autoreceptors, specific deletion of
hippocampal granule cell 5-HT1A heteroreceptors prevents
SSRI/CC2D1A-induced  hippocampal = neurogenesis  and
antidepressant actions (Samuels et al, 2015) (Figure 2).
Similarly, mice with global knockout of 5-HT1A receptors are
also resistant to SSRI treatment (Santarelli et al., 2003). However,
chronic desipramine, which targets 5-HT and noradrenalin
transporters, reversed the behavioral phenotype (Santarelli et al.,
2003). Thus, while 5-HT1A autoreceptors inhibit SSRI response,
5-HT1A heteroreceptors in the hippocampus are required for
SSRI actions. Antidepressants that target a different system such
as desipramine, can still mediate the behavioral response. This
provides empirical support for the concept that patients that do
not respond to SSRIs should be switched to a different class of
antidepressant (Blier, 2014). However, patients do not entirely
lack 5-HT1A receptors and may still respond to augmentation
with drugs that inhibit or desensitize 5-HT1A autoreceptors,
such as buspirone or pindolol (Artigas et al., 2018). Despite
promising results showing that pindolol augmentation could
accelerate and enhance SSRI response patients (Artigas et al,
1994; Blier and Bergeron, 1995; Portella et al., 2009), not all
studies have shown benefit, especially in SSRI-resistant cohorts
(McAskill et al., 1998; Berman et al., 1999; Perez et al., 1999).
This could reflect inadequate dosing (Martinez et al., 2000),
non-selective effects of pindolol on both 5-HT1A auto- and
heteroreceptors (Newman-Tancredi et al., 2001), or antagonism
of beta-adrenergic receptors. Partial block of postsynaptic
5-HT1A receptors by pindolol may prevent pindolol’s benefits
due to block of 5-HT1A autoreceptors, emphasizing the need
for compounds with higher selectivity to block presynaptic or
activate post-synaptic 5-HT1A receptors (Garcia-Garcia et al,
2014; Vidal et al., 2018).

Given the sex differences in depression prevalence and
5-HT1A receptor levels in humans, a few studies have addressed
sex differences in transgenic models of 5-HT1A receptor
regulation. For example, knockout of the HTR1A repressor Deafl
results in increased 5-HT1A autoreceptor expression but greater
functional uncoupling in females, and a sex- and test-dependent
anxiety phenotype (Luckhart et al.,, 2016). Similarly knockout
in adult 5-HT neurons of MeCP2, an enhancer Deafl repressor
activity, also increased 5-HT1A receptor expression, resulting
in a similar sex- and test-dependent anxiety and depression
phenotypes (Philippe et al., 2018). In contrast, knockout in 5-HT
neurons of the stronger repressor Freud-1 resulted in a consistent
anxiety and depression phenotype in all tests (Vahid-Ansari et al.,
2017). The extent of up-regulation of 5-HT1A autoreceptors
in the latter model may overwhelm endogenous sex-dependent
differences to result in SSRI-resistant anxiety and depression.
Similarly, over-expression of 5-HT1A heteroreceptors mainly
in cortical regions reduced depression-like behavior in males
but not females, yet both responded equally to SSRI treatment
(Gunther et al., 2011).

Another mouse model of SSRI resistance is the BDNF
Val66Met mouse, in which the human BDNF gene and
polymorphism was knocked-in to the mouse locus, which
phenocopies humans with this polymorphism (Chen et al., 2006).
The BDNF (Met) mice display an anxiety-like phenotype that

is resistant to chronic FLX (Chen et al., 2006), ketamine (Liu
et al., 2012) or voluntary exercise (Ieraci et al., 2016). However,
the heterozygous BDNF (+/Met) mice that fail to respond
to FLX responded to chronic desipramine (Yu et al., 2012).
Clinically, antidepressants targeting multiple neurotransmitter
systems, such as imipramine that targets 5-HT and noradrenalin,
appear more effective than SSRIs, but may also have lower
acceptability and compliance rates (Cipriani et al., 2016, 2018).
An alternative strategy to directly reverse BDNF deficiency
is intranasal administration of a viral brain-permeant BDNF
construct, which reversed the depression phenotype in mice
following chronic mild stress (Ma et al., 2016).

Taken together, these animal model studies implicate
alterations in 5-HT and BDNF in resistance to SSRI treatment.
Patients with polymorphisms (5-HTTLPR, 5-HT1A rs6295,
BDNF Val66Met) that alter the function of key genes in these
systems may be more resistant to SSRI treatment, but responsive
to treatments that target other systems (noradrenalin) or that
can augment 5-HT activity to permit SSRI action (Figure 1).
Still, there is no reliable marker to predict which treatment
option would be best.

HOW TO IMPROVE TREATMENT FOR
MAJOR DEPRESSION?

Markers for SSRI Response

Although SSRIs remain the first-line treatment for MDD, due to
the low remission rate (30% of patients remit) and long latency,
many patients must be switched to other antidepressants, or given
augmentation to try to enhance SSRI response. In the STAR*D
study, patients not responding to SSRI were switched to another
antidepressant or augmented with add-on treatments, leading
to around 50-60% remission rate and 40% treatment resistant
patients failing to respond to two chronically used common
antidepressants (Rush et al., 2009). Citalopram non-responders
switched to another SSRI (27% response) or a different class
of antidepressant (25-6% response) had similar response rates
(Figure 1). Thus, there was no clear indication of which treatment
would be best for a given patient who fails to respond or remit
on SSRI treatment.

Resistance to SSRIs appears to be associated with genetic
polymorphisms in 5-HT-related genes, like the 5-HTT
(SLC6A4) and HTRIA genes. For example, the HTRIA
rs6295 polymorphism has been associated with depression,
suicide and SSRI resistance (Le Francois et al., 2008). Other
gene polymorphisms including BDNF (rs10501087 and
Val66Met rs6265), 5SHT2A receptor (rs7997012) and CREBI
(rs7569963) have been shown to interact with each other
in predicting SSRI resistance (Kautzky et al,, 2015). Among
those, BDNF rs6265 has been the focus of many studies
with the most robust association with SSRI response (Niitsu
et al, 2013). More recently, progress has been made in
using functional MRI (fMRI) of resting state functional
connectivity to identify depression subtypes and subjects that
are resistant to SSRI or cognitive-behavioral therapy (Dunlop
et al., 2017), and responsive to targeted repetitive transcranial

Frontiers in Neuroscience | www.frontiersin.org

April 2019 | Volume 13 | Article 404


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Vahid-Ansari et al.

Overcoming Resistance to SSRIs

magnetic stimulation (rTMS) (Drysdale et al., 2017). In a small
cohort of treatment-resistant patients, deep brain stimulation
(DBS) targeting a hub of the depression circuitry [subgenual
cingulate gyrus (Cg25)] improved negative mood and depressive
illness (Kennedy et al., 2011). However, stimulation of the
subcallosal cingulate white matter was ineffective (Holtzheimer
etal,, 2017), suggesting that further study is required.

Recently, altered left-right asymmetry in electro-
encephalogram (EEG) has been suggested to predict response
to the SSRI escitalopram, with elevated alpha and reduced
delta power in the right hemisphere predicting non-response
(Baskaran et al, 2018). Interestingly, the HTRIA rs6295 risk
polymorphism is also associated with EEG asymmetry with
greater right frontal activity (Bismark et al., 2010), and has also
been associated with resistance to SSRI treatment. The EEG
approach has also been applied to detect increased 5-HT1A
autoreceptor activity in response to buspirone in a small
cohort of depressed compared to normal controls (McAllister-
Williams et al., 2014), and might provide a non-invasive marker
of resistance to SSRI treatment due to increase in 5-HT1A
autoreceptor function.

Ketamine and Serotonin

In clinical research studies, there has been a large interest in
the effects of single sub-anesthetic dose of infused ketamine
(0.5 mg/kg, in 40 min) in treatment resistant depression
patients (Zarate et al., 2006, 2012). However, after single
infusion the antidepressant response was not sustained.
Further studies showed that repeated twice-weekly ketamine
treatment maintains the antidepressant response for up to
2 weeks (Singh et al., 2016). In control male volunteers,
ketamine-induced interneuron inhibition is associated with
increased synaptic glutamate in the anterior cingulate
cortex (Stone et al, 2012). Therefore, region-dependent
effects of ketamine may be associated with the efficacy of
ketamine to treat TRD.

The exact mechanisms of ketamine action remain unclear,
with the recent finding that ketamine metabolites without
NMDA blocking activity exert antidepressant actions (Zanos
et al, 2016). Low dose ketamine is thought to block
NMDA receptors preferentially on GABAergic interneurons
to enhance AMPA receptor signaling to release to mTOR
to increase synaptogenesis in prefrontal cortical pyramidal
neurons (Zanos and Gould, 2018). Ketamine metabolites
appear to directly activate AMPA signaling to trigger this
pathway to induce the rapid (1 h) antidepressant actions
of ketamine. Recent studies in rodents implicate the 5-HT
system in ketamine action (Nishitani et al., 2014; du Jardin
et al., 2016; Fukumoto et al., 2016; Pham et al., 2017). In
particular, ketamine increases 5-HT levels in prefrontal cortex
(Pham et al.,, 2017), and mediates antidepressant-like activity
in the forced swimming test assayed 24 h post-treatment
via activation of PFC 5-HT1A heteroreceptors (Fukumoto
et al,, 2016, 2018). This sustained antidepressant-like activity
requires activation of raphe AMPA receptors that recruits
the prefrontal cortex neural circuit (Pham et al, 2017;

Pham and Gardier, 2019).  Furthermore, AMPA receptor-
dependent 5-HT release and activation of PFC 5-HT1A receptors
mediates the antidepressant actions of an mGlu2/3 receptor
antagonist in the forced swim test (24 h), via 5-HT1A signaling
to Akt-mTOR (Fukumoto et al., 2016, 2018). Given the role
of 5-HT in the sustained actions of ketamine and mGluR2/3
antagonists, it would be interesting to test their efficacy in
SSRI-resistant mouse models.

CONCLUSION

A multi-factorial disease like depression cannot always be
managed using a one-dimensional strategy, such as targeting the
5-HT system. While SSRIs may be effective in some patients
initially, epigenetic and environmental factors can prevent or
gradually erode the response to treatment (Albert and Lemonde,
2004). This review illustrates how region-specific activation
of 5-HT mechanisms including synthesis, 5-HT neuronal
activity, 5-HT neuroplasticity, and 5-HT-induced hippocampal
neurogenesis could augment SSRI response (Figure 1). This
activation could be mediated by targeted brain stimulation to
regions with abnormal brain activity in imaging (Drysdale et al.,
2017; Dunlop et al,, 2017) or EEG analysis (Baskaran et al,
2018). Furthermore, strategies that overcome 5-HT1A-mediated
autoinhibition of 5-HT activity may also overcome resistance
to SSRIs, and could include augmentation with 5-HT1A partial
agonists or switching to drugs that target additional or other
systems such as noradrenalin, dopamine or glutamate (Figure 1).
However, there remain no clear biomarkers that can predict
resistance to antidepressants, or whether augmentation or
switching antidepressants is best. By testing responses in SSRI
resistant models that mimic or phenocopy human genetic
polymorphisms such as 5-HT1A autoreceptor over-expression or
BDNF Val66Met genotype, progress is being made to understand
the mechanistic underpinnings of SSRI resistance. In addition
to providing potential markers, such as risk polymorphisms
or imaging changes, a mechanistic understanding is providing
novel ways of targeting the 5-HT system, such as SSRI-
conjugated siRNAs to target 5-HT neurons (Bortolozzi et al.,
2012). Ultimately, non-invasive methods to identify treatment-
resistance may lead to novel strategies that combine brain
stimulation with neurotransmitter modulation to accelerate and
enhance antidepressant response (Tendler et al., 2018).
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