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ABSTRACT: Depression is one of the most burdensome psychiatric disorders,
affecting hundreds of millions of people worldwide. The disease is characterized not
only by severe emotional and affective impairments, but also by disturbed vegetative
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and cognitive functions. Although many candidate mechanisms have been proposed ey e nerpion s Mmoo
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to cause the disease, the pathophysiology of cognitive impairments in depression 4 G
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remains unclear. In this article, we aim to assess the link between cognitive '*\

alterations in depression and possible developmental changes in neuronal circuit —__y | Cosnive impairmonts
wiring during critical periods of susceptibility. We review the existing literature and

propose a role of serotonin signaling during development in shaping the functional

states of prefrontal neuronal circuits and prefronto-thalamic loops. We discuss how

early life insults affecting the serotonergic system could be important in the

alterations of these local and long-range circuits, thus favoring the emergence of

neurodevelopmental disorders, such as depression.
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D epression is an affective disorder characterized by impaired. We highlight how altered serotonin signaling during

persistent depressed mood, pervasive feeling of hope- specific developmental periods may catalyze these disease-
lessness, and diminished interest in pleasurable activities."” As promoting circuit alterations. Thus, we believe that expanding
one of the most burdensome psychiatric disorders, afflicting the focus to other dimensions of the disease will provide a
hundreds of millions of people worldwide each year, it is not deeper understanding of this complex disorder, as well as
surprising that the study of depression has become a major improve therapeutic strategies.

interest of national healthcare systems and the international

research community. The intense alterations of affective and B NEUROBIOLOGY OF DEPRESSION—GENETIC
emotional behavior have been the predominant focus of FACTORS, CIRCUITRY, AND TREATMENT
depression research. Yet, vegetative and cognitive functions are
also significantly impaired in nearly all forms of depression, and
in several forms of chronic depression, they remain dysfunc-
tional during the remission phase.” > Decades of depression
research have yielded little insight into the pathophysiology of
the disease, leading to questions like: What happens in a brain
predisposed for depression? Are emotional and cognitive
impairments of depression relying on alterations of the same
brain circuits? And what are the circuits involved?

In this review, we discuss another aspect of serotonin in the
pathophysiology of depression: the role of the serotonin
transporter (SERT) during development in the maturation of
excitatory synapses in specific brain circuits. In addition, we
examine the link between depression and specific cognitive
pathways in the brain. We approach the idea of depression as a
neurodevelopmental disorder, wherein select cognitive and
emotional networks involving prefrontal cortex (PFC), and the
mediodorsal nucleus of the thalamus (MD), among others, are

There is a large body of evidence from epidemiological and
clinical studies that the risk for developing mood disorders and
particularly depression is largely linked to the patients’ genetics
(up to 40% heritability in unipolar depression).®”” However,
as with most complex disorders, depression has not been
linked to a single gene abnormality or polymorphism, and
genetic studies failed to identify a single target gene.” Because
of the serotonin hypothesis of depression, candidate genes of
different monoamines (MAs), specifically the serotonergic
system, including the serotonin transporter (SERT), serotonin
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receptor SHT-2C, and the rate-limiting factor in the synthesis
of serotonin, tryptophan hydroxylase (TPH), have been under
particular scrutiny in genetic studies.”'® For example, genetic
polymorphisms of SERT such as allele-dependent transcription
(short vs long allele) and number of tandem repeats (VNTR),
have been associated with affective disorders and increased
amygdala activity in response to aversive stimuli.''™"
However, other studies on SERT polymorphism and
depression yielded conflicting results.'> The high variability
in results in SERT and other serotonin-related genes have been
explained by various factors such as sex'®'” and stressful life
events.'® Thus, the current view of the genetics of depression,
is that the focus should be placed on interaction between some
genetic predisposition and environmental risk factors. Environ-
mental factors such as early life stress and other adversities
have been linked to the pathophysiology of depression in
human studies® as well as in animal models of depression,'”*’
and were shown to have a multiscale effect, including
neurotransmitter systems, brain regions, and behaviors
associated with depression.

Similar to genetic variability in depression, there has been
lack of consensus concerning the neural circuits underlying
depression. This lack of consensus likely originates from the
complexity of the disorder and the subtlety of anatomical,
genetic, and physiological changes in specific brain structures
of depressed patients. It has been suggested that many brain
regions likely play a role in the clinical manifestation of
depression. Neuroimaging” ~>* and anatomical investigations
in humans,”"**7*° as well as animal studies,””’"*’ found
volumetric (e.g, reduction) and histological changes in areas
including but not limited to the prefrontal (PFC) and anterior
cingulate cortices (ACC), the hippocampus, amygdala,
striatum, lateral habenula, thalamus, and hypothalamic areas.
Amygdala, habenula and striatal connections are important for
emotional regulation, fear response, and reward, and thus likely
mediate symptoms such as anhedonia, anxiety and risk aversive
behavior, reduced motivation, and bias toward negative
stimuli.’® Changes of hypothalamic nuclei have mostly been
linked to neurovegetative symptoms of depression, such as
disrupted circadian rhythms, changes in appetite and body
weight, and decreased energy.31 Lastly, changes of cortical
(prefrontal, hippocampus) and medial thalamic nuclei are
thought to underlie cognitive symptoms such as executive
functions, cognitive flexibility, attention, and memory prob-
lems.*”

Identification of the neural circuitry of depression is
important not only for understanding the etiology of the
disorder, but also for developing symptom-specific treatments
and reduce adverse effects of existing therapeutic approaches.
Historically, monoamine transmission enhancers are consid-
ered state of the art in treating depression.”””* These drugs do
so by either blocking the reuptake of monoamines, in particular
serotonin (selective serotonin reuptake inhibitors, SSRIs), or
by delaying their degradation by monoamine oxidase
(MAOIs). The relief of depressive symptoms by the drug-
induced increases in serotonin transmission stem from the
monoamine hypothesis of depression, according to which
depression is caused by deficiency of monoamines, particularly
serotonin, in the brain.>>*® The monoamine/serotonin
hypothesis of depression provided a fruitful ground for
studying the molecular basis of this disease, and SSRI
effectiveness is one of the reasons for the popularity of
serotonin in depression research. However, numerous studies
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failed to prove that depression is caused solely by monoamines
imbalance.””*® For further review of the debate on the validity
of the monoamine hypothesis of depression, see refs 39 and 40.
In addition to monoamines, other candidate mechanisms have
received special attention with res,zpect to depression, including
the transcription factor CREB*""** and the neurotrophic factor
BDNF and its receptor TrkB."> More recently, the excitatory
neurotransmitter glutamate was suggested to lie at the core of
the pathophysiology of depression.”* According to this
hypothesis, depression is caused by dysfunctional excitatory
synaptic transmission, particularly in brain areas linked to
emotional and cognitive processing. The glutamatergic
hypothesis of depression recently led to the development of
a new treatment regime for depression using the NMDA
antagonists ketamine™ and esketamine®®

B PREFRONTO-THALAMIC LOOPS IN DEPRESSION

While nonaffective symptoms were thought to be secondary to
depression, there is mounting evidence that it may be the
reversed. Neurovegetative and cognitive symptoms not only
persist between episodes, but they were also reported during
the prodromal phase of depression.”’ ™' In some forms of
depression, prodromal cognitive symptoms have been reported
during the weeks preceding depressive episodes,47’48 as well as
years prior to first onset in adolescence and childhood.*”**~>*
These findings suggest that, similar to bipolar disorder and
schizophrenia, the prodromal phase of depression might
inform about the etiology of the disorder and shift our
attention toward the cognitive aspect of depression. While
cognitive impairment in depression is not a novel concept to
clinicians and psychologists,”*° the lack of preclinical studies
that address cognitive functions in animal models hindered our
understanding of the (mal)development of the underlying
neural circuits at a network, cellular, and molecular level.
Animal models allow for manipulation of specific targets of
interest in disease studies. By addressing targeted cognitive
impairments using, e.g., rodent models of depression, we may
gain important insight into the neural correlates of distinct
symptoms, their origin, and their role in the genesis of
depression.

Cognitive control, goal-oriented behaviors, and behavioral
regulation are mostly associated with the PFC.”” The PFC is
not acting alone, but rather, it is considered the hub of multiple
cognitive circuits, due to its numerous reciprocal connections
with cortical and subcortical brain structures. Among the
various structures interacting with the PFC, the mediodorsal
nucleus of the thalamus (MD) has received growing attention
in recent decades.””**”** Interaction between the MD and the
PEC is critical for cognitive functions in rodents, nonhuman
primates, and humans.*>*>%°

B ANATOMY OF THE MD

The MD is a high-order nucleus within the medial thalamus. It
is the biggest midline thalamic nucleus and the main
subcortical region projecting to the PFC. While the general
cytoarchitecture of the MD is heavily conserved across
mammalian species, some variations are observed. In rodents,
the MD is composed of 3 subnuclei: the central (MDc), lateral
(MDI), and medial (MDm), which overlap widely with its
subdivisions in primates. The primates’ magnocellular MD
(MDmc) is analogous to the MDm, the parvocellular MD
(MDpc) corresponds to MDc, and the densocellular MD
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(MDdc) and multiform MD (MDmf) form a lateral grouping
of the MD, which here will be referred to as MDI for simplicity
and comparability across species.”** In primates, a fourth
subdivision, the caudodorsal MD is sometimes consid-
ered®>®”%® (MDcd). Thus, the evolution of the mediodorsal
thalamus goes hand in hand with cortical evolution in
mammals, and as such, MD complexity reflects prefrontal
complexity. The different subdivisions differ in their gene
expression, connectivity, and cortical targets, and serve a
distinct role in mediating cognitive and goal-directed
activity.S1570

B CONNECTIVITY OF THE MD

The MD receives projections from deep brain structures such
as the inhibitory and monoaminergic afferents from the
brainstem (dopamine, serotonin, and noradrenalin) and
peptidergic and excitatory afferents from the hypothalamus,
which are important for the default mode network, reward
circuitry, and decision rr1al<ing.59’71_73 In addition, forebrain
structures such as the amygdala and hippocampus project to
the MD.”” Nevertheless, the most prominent connections of
the MD are with the PFC, forming a robust and evolutionary
conserved thalamocortical loop,”®”* to the extent that MD-
PFC connections have become a marker for identifying the
PFC in mammalian species, and one of the argumentations for
the existence of the PFC in the rodent brain.”>”

While all thalamic nuclei receive cortical input from layer
v1,*? high-order nuclei, including the MD, receive additional
inputs from layer V. Corticothalamic inputs coming from layer
V and layer VI differ in their morpho-functional properties,
such as bouton size, the dendritic segment they contact, as well
as the information they carry.**”®""” Unlike cortical neurons,
MD neurons do not form local excitatory connections among
themselves.”’ The lack of thalamic microcircuits within the
MD, together with the distinct input types from layers V and
VI point to the role of the MD in orchestrating and sustaining
PFC activity via changes in long-range inputs and/or outputs.
Thalamocortical neurons in the MD receive inhibitory inputs
predominantly from the reticular thalamic nucleus (RTN®').
The RTN is composed of inhibitory neurons surrounding the
other thalamic nuclei as a thin sheath of cells.*" All reciprocal
connections between the cortex and the thalamus pass through
the RTN; thus, in cognitive control, the RTN is acting as a
gate, which is critical for controlling thalamic output in a
behavior-dependent manner, such as suppressing task-
irrelevant sensory stimuli.®"*"*'

Most outputs of the MD are to the medial and lateral PFC,
and to the anterior cingulate and orbitofrontal cortex”® (ACC,
OFC). Projection targets depend on MD subdivisions: in
rodents, MDm neurons mostly target the prelimbic and
infralimbic cortices. MDc neurons project to the orbital and
agranular insular cortices; and the MDI neurons target the
prelimbic and anterior cingulate cortex. This connectivity
overlaps MD-connectivity found in primates, with the MDmc
and dMDI projecting vastly to the DLPEC and OFC.**%!
Here, we focus on MD inputs to the medial PEC (mPFC), that
predominantly innervate the middle (LII/III) and superficial
(LI) layers, and, to a lesser extent, layer V (LV)
neurons” ¥ 7% (Figure 1). In the superficial layer (LI),
thalamic axons target the distal dendrites of pyramidal neurons
(whose cell bodies reside in other layers, LII/IIl and LV), as
well as LI inhibitory neurons. In LII/III, MD axons form direct
synaptic connections with both pyramidal and inhibitory
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Figure 1. Prefronto-thalamic projections. (a) Schematic overview of
MD-PFC inputs. MD neurons predominantly project to superficial
layers, and, to a lesser extent, to deep layers of the PFC. MD
projections to layer I mostly target distal dendrites of PNs located in
other layers. In layer II/III, MD neurons project to both PNs and
interneurons. Interneurons excited by MD axons form a feedforward
inhibitory microcircuit. Layer II/III PNs project to neurons in other
layers or the contralateral hemisphere. MD neurons also project to
layer V pyramidal neurons. Layers V and VI are the main output-
generating layers in the PFC and project it to the MD. Inputs from
layers V and VI differ in their morpho-functional properties. Colors of
triangles represent subpopulations of pyramidal neurons residing in
different layers. Round PFC neurons represent PV IN. Oval-shaped
MD neurons represent a thalamic excitatory neuron. (b) Projection of
MD axons to the PFC. Micrograph illustrating infection of AAV-
ChR2-mCherry in the MD. mCherry-positive fibers can be detected
in medial PFC. MD axons project both to superficial and deep layers.
Note the dense accumulation of fibers in superficial and middle layers
of the mPFC.

neurons®* (mainly parvalbumin (PV)-expressing neurons). PV
neurons are known for their fast firing rate and for inhibiting
the somas of pyramidal neurons, so when a thalamocortical
input arrives in LII/III, both PV and pyramidal neurons are
excited, forming a feed-forward inhibitory circuit that shapes
the temporal precision of the output firing of excited pyramidal
neurons. These LII/III PNs in turn progect further to deep
PFC layers and to other cortical targets.””*” Lastly, the deep-
layer pyramidal neurons of the PFC project back to the MD.

Given the unique interaction and network architecture
between the MD and PFC, the question arises, what is the role
of the MD-PFC connectivity in higher cognitive functions? As
elaborated above, the MD is thought to contribute to and
shape PFC activity. Through contacts with distant frontal
subregions and recruitment of both excitatory and inhibitory
PFC neurons, the MD coordinates oscillatory cortical activity
to support processes such as activity-dependent synaptic
plasticity and memory encoding to optimize task perform-
ance.””’”** It is therefore not surprising that lesions of the MD
(experimental or clinical) result in impairments similar to
those observed after PFC lesions. In humans, patients with
damaged MD show severe cognitive deficits, including
executive dysfunction, memory problems, attention deficits,
and disinhibitory syndrome, among others.*>™*’ Experimental
lesions in nonhuman primates resulted in similar, yet more
subtle, changes. Moreover, experimental lesions to specific
subregions of the MD resulted in different cognitive impair-
ments, thereby linking reported impairments with mediodorsal
subregions. For example, nonhuman primates with lesions in
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Figure 2. Developmental axis of the PFC and MD. (a) In-situ hybridization at P4, 7, 10, and 14 shows time-sensitive, transient SERT expression in
the PFC during early postnatal development. (b) SERT+ pyramidal neurons in the PFC are located in layers V and VI but not in superficial layers.
Immunolabeling against Ctip2 (red, layer V marker), Foxp2 (purple, layer VI marker), and GFP (green, SERTCre/+) in the PFC. Panels a and b
modified with permission from ref 97. Copyright 2019 Springer Nature Limited. (https://creativecommons.org/licenses/by/4.0/) (c)
Developmental timeline of the MD and PFC in the rodent brain. Panel reproduced from ref 91. Copyright 2015 Ferguson and Gao.

the MDmc indicated that this subdivision is important for
encoding task information during learning and updating choice
strategy, but not in retrieving prelesion encoded informa-
tion.”"** These findings, not only highlight the significance of
the MD in learning and memory, but also shed light on short-
term, working memory encoding pathways.

Other than primates, rodent studies provided instrumental
evidence for the role of the MD in cognitive functioning.
Decreasing MD activity resulted in cognitive impairments and
disruption of the MD-PFC beta-range synchrony during task
performance, similar to the connectivity and behavioral
changes observed in schizophrenia.*” More recently, Schmitt
and colleagues (2017) revealed that the MD plays a crucial role
in sustaining cortical representations of different rules, and that
rule encoding is improved with enhanced MD activity."”” In
rats, bilateral and unilateral MD lesions resulted in impaired
performance in a delayed spatial navigation task but not a
nondelayed task.”

B DEPRESSION—A DEVELOPMENTAL DISORDER?

Regarding developmental milestones of prefronto-thalamo-
prefrontal interactions, it was shown that cortical architecture
of the PFC is affected by MD lesions occurring only in the
early postnatal phase’’ (P4 to P7). It has been speculated that
these architectural cortical changes are due to interference with
E/I-balance and decreased spontaneous GABAergic activity in
the PFC during development, which the MD is thought to
facilitate.”" Behavioral implications of early life lesions included
deficits in recognition memory, cognitive, and social
behaviors,* like those observed in schizophrenia, depression,
and other neuropsychiatric disorders. This suggests that the
early postnatal period is important for prefronto-thalamic
maturation, and maldevelopment of these structures occurring
during early development might be a potential cause for
neurodevelopmental disorders. Indeed, early life insults have
been linked to various neuropsychiatric disorders, such as
schizophrenia, depression, and autism, and a closer look into
the circuits orchestrating common symptoms shared between
these disorders might elaborate our understanding of their
pathogenesis.
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B WHAT IS THE SIGNIFICANCE OF THIS
DEVELOPMENTAL WINDOW LEADING TO
MALDEVELOPMENT OF NEURAL CIRCUITS
INVOLVED IN NEUROPSYCHIATRIC DISORDERS
AS DEPRESSION?

Aside from being highly associated with mood, emotional
regulation, as well as neurovegetative functions, the serotoner-
gic system plays an important role in brain development,
includin% neuronal growth, migration, guidance, and synapto-
genesis.” "> Most of these roles of the serotonergic system are
assigned to serotonin-producing neurons originating from the
raphe nucleus, the primary CNS region containing serotoner-
gic neurons. However, a subset of deep-layer pyramidal
neurons in the PFC transiently expressing SERT during early
developmental periods has been associated with cortical
network maturation (Figures 2a and b). These serotonin
“absorbing” neurons were first discovered in sensory thalamic
nuclei in the rat’ and later in other cortical and subcortical
regions such as the prefrontal cortex, and limbic system.”*”*~"
The transient expression of SERT is highly conserved across
species from rodents to humans, as well as the developmental
stage at which SERT is expressed, respective to each species.”
In mice, SERT is expressed in nonserotonergic neurons
between E15 and P10.”*?7"’ SERT-positive neurons in the
mouse’s PEC are densely located in LVI and sparsely in LV,”
which are known to send projections to the medial thalamus,
thus playing a key role within the prefronto-thalamic loop.
Indeed, SERT-expressing neurons in the PFC were found to
innervate cortical regions as the amygdala and subcortical areas
such as the MD, striatum, periaqueductal gray (PAG), and the
dorsal raphe nucleus”” (DRN).

A closer investigation of the link between serotonin signaling
and thalamocortical development in sensory cortices revealed
that altering serotonin signaling during development resulted
in developmental impairments of thalamic innervation of the
barrel cortex (S1), with associated malformations of cortical
maps.'~'%> While such investigations have not been carried
out in higher-order cognitive pathways such as the prefronto-
thalamic loop, several lines of evidence point to the possibility
that such altered serotonin signaling may result in similar
alterations. Experimental evidence in adult rats indicates that

https://doi.org/10.1021/acschemneuro.3c00828
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there is a cross-talk of thalamocortical and serotonin inputs in
the prefrontal cortex. The dense serotonin input from the
DRN to the PFC controls the excitability of PFC pyramidal
neurons, namely by enhancing glutamatergic release from MD
thalamic neurons; %% conversely, stimulation of MD
thalamocortical neurons resulted in increased serotonin release
in the PFC, similar to the effect of local application of the
hallucinogen 4-iodo-2,S-dimethoxyamphetamine, a S-HT2A-C
agonist.'”> More recently, early lesions (P4) in the rodent MD
result in reduced social interaction, locomotor activity, and
increased anxiety-like behaviors in adults®'°>'"” that are
reminiscent of the effects of early developmental exposure to
SSRIs and other early life insults such as maternal
separation.'”””'9%1% gocial and affective behaviors are
impaired in most psychiatric disorders, including depression,
and have been specifically linked to serotonin function."'*~""*
Thus, there seems to be a link between the prefronto-thalamic
loop and serotonin signaling at different developmental stages
and up to adulthood.

Importantly, a thorough behavioral characterization of early
life exposure to SSRIs, showed that blocking SERT specifically
during the critical first two postnatal weeks resulted in strong
emotional impairments in adult mice.'”'”® These effects did
not occur when mice were exposed to SSRIs outside this
developmental stage, emphasizing the importance SERT action
during this period."” At the morphological level, SERT
blockade resulted in decreased number of secondary dendrites
of pyramidal neurons and maldevelopment of synapses.'”'*’
However, the mechanisms at the synaptic and circuit levels
remain unknown.

Taken together, these findings suggest that alterations of
serotonin levels by blocking SERT in early postnatal
development affects PFC maturation. The overlap with MD
development (Figure 2c), critical early life MD lesions, and
their behavioral outcomes places SERT as a central candidate
in shaping network architecture in physiological conditions as
well as in the pathophysiology of neuropsychiatric disorders,
like depression.

B CONCLUSIONS AND FUTURE DIRECTIONS

Decades of depression research have yielded multiple theories,
spanning from single molecules to neurotransmitter systems,
but to date the origin and mechanisms underlying depression
remain unresolved. Given that most studies on depression have
focused on emotional impairments, it might be critical to
change our perspective and incorporate other aspects affected
in depression into clinical assessments, research objectives, and
animal models. Cognitive functions compromised in depres-
sion are associated with the PFC, as it is the primary structure
thought to orchestrate most high-order cognitive abilities.
Indeed, clinical evidence described above reported some
structural changes in the PFC in depressed patients and
confirmed that artificially enhancing PFC activity overcomes
some depressive symptoms. However, it is important to
identify specific PFC-related subnetworks whose maldevelop-
ment might alter global cortical activity as seen in neuro-
psychiatric disorders. We suggest the MD—PFC interaction as
a potential candidate for such network.

The MD acts as a mediator between subcortical and
prefrontal activity, which can be flexibly modulated during
behavior. In addition, because damage to the MD has direct
consequences on PFC activity and cognitive functions,
studying this structure in the context of depression might
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explain at least a subset of depressive symptoms that have been
widely overlooked in current models of the disorder. Another
advantage of prefronto-thalamic network is the evolutionary
overlap between mammalian species. While PFC subdivisions
vary enormously between species, MD—PFC connectivity is
vastly conserved. This might make it easier to study these
structures in model organisms such as rodent models of
depression and increase the translational value of such models.

The tools available today in rodents (particularly mice)
allow us to study corticothalamic circuits as well as cortical
microcircuits with unprecedented detail. The use of anatomical
labeling and transgenic mouse lines can illuminate specific
neurons affected by early life insults. Combining these
methods with opto- and/or pharmacogenetic approaches
may help establish a causal link between environmental risk
factors and maladaptation of these circuits. The evolutionary
analogy of the prefronto-thalamic network is not only
structural, but also functional, and developmental. MD
development occurs during critical periods of susceptibility,
during which environmental insults result in impaired
emotional and cognitive behaviors associated with neuro-
psychiatric disorders such as depression. Since MD lesions
occurring during the same time were found to alter the same
behaviors and cortical cytoarchitecture, studying the potential
link between these processes is inevitable. Animal models
enable studying the role of these circuits from the synapse- to
behavioral levels. In our context, it will allow us to identify
basic principles of cognitive alterations and their MD—PFC
correlations in a recognized model of depression after an early-
life insult. Looking into the effect of such insults such as altered
serotonin signaling on the MD might help us understand the
chronology of depression and other related neurodevelopmen-
tal disorders.
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