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Abstract

The mechanisms underlying the pathophysiology and treatment of depression and stress-related
disorders remain unclear, but studies in depressed patients and rodent models are beginning to
yield promising insights. These studies demonstrate that depression and chronic stress exposure
cause atrophy of neurons in cortical and limbic brain regions implicated in depression, and brain
imaging studies demonstrate altered connectivity and network function in the brains of depressed
patients. Studies of the neurobiological basis of the these alterations have focused on both the
principle, excitatory glutamate neurons, as well as inhibitory GABA interneurons. They
demonstrate structural, functional, and neurochemical deficits in both major neuronal types that
could lead to degradation of signal integrity in cortical and hippocampal regions. The molecular
mechanisms underlying these changes have not been identified but are thought to be related to
stress induced excitotoxic effects in combination with elevated adrenal glucocorticoids and
inflammatory cytokines, (as well as other environmental factors). Transcriptomic studies are
beginning to demonstrate important sex differences and together with genomic studies are starting
to reveal mechanistic domains of overlap and uniqueness with regards to risk and
pathophysiological mechanisms with schizophrenia and bipolar disorder. These studies also
implicate GABA and glutamate dysfunction as well as immunologic mechanisms. While current
antidepressants have significant time lag and efficacy limitations, new, rapid acting agents that
target the glutamate and GABA systems address these issues and offer superior therapeutic
interventions for this widespread and debilitating disorder.

In brief:

The review by Duman and colleagues discusses evidence that depression is characterized by
deficits of excitatory and inhibitory neurons, while new rapid acting agents that target the
glutamate and GABA systems address these issues and offer superior therapeutic interventions.

Introduction

Over 300 million people are affected by major depressive disorder (MDD) and limitations in
the access to and effectiveness of MDD treatment have made it the leading cause of
disability world-wide (WHO, 2017). Despite long-standing efforts to identify the
pathophysiology of depression, the underlying neurobiological determinants remain largely
undefined. The relatively low rate of heritability, approximately 37%, the absence of variants
with substantial impact on depression risk, the polygenic nature of depression risk, and the
heterogeneity of depression, have contributed to the difficulty in identifying genetic
determinants of susceptibility (Flint and Kendler, 2014; Sullivan et al., 2018). This
heterogeneity likely reflects multiple underlying genetic, metabolic, endocrine, and
neurobiological factors that contribute to depression and that are expressed in changing ways
across the lifespan. The clear sexual dimorphism, with two-times higher rates of depression
in women compared to men also remains unexplained, although recent postmortem
transcriptome studies have begun to identify sex specific network differences. The public
health burden of depression is substantially increased by the low rates of remission
associated with the current antidepressant treatments, the delay in efficacy after initiating
treatment of weeks to months (Trivedi et al., 2006) and high rates of relapse to depression

Neuron. Author manuscript; available in PMC 2020 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duman et al.

Structural

Page 3

once treatment response is obtained. These limitations in antidepressant effectiveness may
also demoralize patients and contribute to suicide risk (Murray et al., 2013).

Environmental factors, such as trauma and stressful life events, contribute to depression risk
through altering brain structure, chemistry, and function. Chronic exposure to social,
psychological, or physical stressors provide useful contexts for studying how the brain
transduces environmental stress exposure into depression. Preclinical studies in rodents and
nonhuman primates have reported structural alterations in chronic stress models, including
atrophy of neurons in the hippocampus and prefrontal cortex (PFC) (Duman et al., 2016;
McEwen et al., 2015; McEwen and Morrison, 2013). Structural and functional alterations
have also been reported in depressed patients, including decreased volume and connectivity
of both the hippocampus and PFC (MacQueen and Frodl, 2011; Savitz and Drevets, 2009).
Disruption of glutamate-excitatory projection neurons in these brain regions that are
responsible for circuit level information transmission could contribute to these structural
alterations. In addition, there is extensive evidence that stress and depression disrupt the
function GABA, the major inhibitory neurotransmitter system in the brain that is responsible
for overall control and fine tuning of excitatory transmission. (Fee et al., 2017; Ghosal et al.,
2017; Krystal et al., 2002; Luscher and Fuchs, 2015; Luscher et al., 2011). Reductions in
synaptic connectivity and deficits in inhibitory tuning may undermine the functionality of
neural circuits, reducing the precision, efficiency, and integrity of the information-bearing
functions of these networks.

This review will discuss evidence that stress and depression are associated with deficits of
both excitatory and inhibitory neurons, and the functional consequences of these changes.
We also discuss the mechanisms underlying the reductions of glutamate and GABA systems,
including the role of genetic polymorphisms, environment, sex, and activity dependent loss
of synaptic function and plasticity. An important question is whether one of these major
systems, glutamate or GABA, is more vulnerable to stress and depression, and thereby
increases vulnerability to the other system. We also discuss novel treatments that act either
directly or indirectly to modulate the function of glutamate and/or GABA systems to
produce fast and efficacious antidepressant responses. This includes novel rapid acting
agents that reset both excitatory and inhibitory neurotransmitter systems, as well as agents
that act as allosteric modulators of glutamate or GABA receptor complexes.

and functional connectivity alterations in depression

Brain imaging studies have demonstrated structural as well as functional alterations in
depression (Evans et al., 2018; MacQueen and Frodl, 2011; Savitz and Drevets, 2009).
Briefly, these studies demonstrate decreased volume of the hippocampus and PFC
(subgenual and anterior cingulate cortex) in depressed patients that are related to the length
and severity of illness and time of treatment. Alterations of other regions implicated in
depression have also been reported, including decreased insula (Demenescu et al., 2017), as
well as some evidence of increased amygdala volumes (McEwen et al., 2016). There is also
evidence of increases of hippocampal volume with successful treatment indicating
reversibility (MacQueen et al., 2008; Sheline, 2003). The plasticity of these effects is
supported by preclinical studies demonstrating that atrophy of principle neurons in the
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hippocampus and PFC are reversible after discontinuation of stress exposure (Liu and
Aghajanian, 2008; McEwen et al., 2015; McEwen et al., 2016).

The cellular determinants underlying these structural alterations are unclear but postmortem
studies have provided some evidence of altered neuronal and glial number and morphology.
These studies report decreased soma size of neurons, as well decreased glial number in the
PFC (Rajkowska and Stockmeier, 2013; Sanacora et al., 2008). There is also evidence of
increased packing of pyramidal neurons in the hippocampus (Stockmeier et al., 2004). There
is one report of decreased synapse number in dIPFC of a small number of depressed
subjects, as well as decreased expression of synaptic markers (Kang et al., 2012). Further
postmortem studies are required to confirm these findings and to examine other cellular
determinants that could contribute to the decreased volume of hippocampus and PFC in
depression. In addition, new brain imaging approaches that allow for analysis of specific
neuronal elements, such as the new PET ligand for a synaptic vesicle protein 2a (SV2A)
could further define the structural alterations at the cellular level that contribute to
depression (Finnema et al., 2016). Preliminary studies using this ligand demonstrate a
reduction in SV2A ligand binding levels in PFC and hippocampus of severely depressed
patients (Holmes et al., 2018).

Functional brain imaging studies have also reported abnormalities in depression using a
combination of approaches. The major functional networks include the default mode
network (DMN), responsible for resting state introspection and ruminations, the salience
network (SAL), which processes salient information from external sources, and the central
executive network (CEN), responsible for working memory and attention (Menon, 2011).
The DMN is comprised of connections between the dIPFC, posterior and anterior cingulate
cortex, amygdala, and hippocampus. Studies demonstrate an increase in the activity of the
DMN in depressed patients and decreases in SAL and CEN, consistent with increased
rumination and introspection and decreased association with external inputs in depressed
patients (Evans et al., 2018; Greicius et al., 2007; Kaiser et al., 2015). Considering the DMN
includes PFC subregions, it is interesting to speculate on the relationship between increased
DMN activity and the structural alterations observed in depression. Could sustained long-
term increases of DMN activity lead to excitotoxic effects and atrophy of glutamate
principle neurons in the PFC? Could the elevated DMN activity be related to reduced GABA
inhibitory control (Fee et al., 2017)? Could stress-related effects on glial function in the PFC
place both GABA and glutamate neurons at increased risk for excitotoxic effects
(Rajkowska and Stockmeier, 2013)? Preclinical studies would help answer these questions,
although characterization of rodent equivalents of these networks would be required.

Global brain connectivity with global signal regression (GBCr) using resting state blood
oxygen level dependent (BOLD) fMRI is considered a valid marker of global intrinsic
network activity that correlates with brain function and regional cerebral blood flow (Cole et
al., 2012; Liang et al., 2013). Studies of depressed patients report that GBCr is decreased in
the PFC, but increased in the posterior cingulate, precuneus, and lingual gyrus, and find
dysconnectivity between PFC/subcortex and the rest of the brain (Abdallah et al., 2017). The
authors hypothesize that decreased connectivity could be related to atrophy of glutamate
principle neurons and loss of synaptic connections in the PFC. They also report that
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ketamine administration increased GBCr in PFC, caudate and insula in responders, and
reversed the dysconnectivity of PFC with the rest of the brain. The authors note that
decreased GBCr is not specific to MDD as similar decreases are reported in schizophrenia,
suggesting that there is overlap at the network levels between MDD and other psychiatric
illnesses. The possibility that psychiatric illnesses share functional abnormalities is
consistent with evidence from genomic and transcriptome overlap (discussed below).

Glutamate alterations in MDD and stress

Changes in brain connectivity in MDD could be related to altered levels of the major
excitatory and inhibitory systems in the brain. Unlike the modulatory monoamine systems
that have more circumscribed roles and provide extrinsic inputs to the cerebral cortex,
glutamate and GABA are the primary excitatory and inhibitory neurotransmitters with both
intrinsic and extrinsic control of information flow in the brain. Findings of abnormalities
within the glutamate and GABA systems in the brains of individuals with mood disorders
have led to new theories on the pathophysiology and treatment of these disorders (Abdallah
etal., 2014; Fee et al., 2017; Sanacora et al., 2012) (Figure 1).

Early studies reported alterations of glutamate in blood, CSF, and brain tissue, although with
mixed results. More recent studies using /7 vivo proton magnetic resonance spectroscopy
(MRS) have more consistently reported decreased levels of glutamate metabolites in regions
of the medial frontal cortex (Moriguchi et al., 2018). Glutamate reductions could have
multiple determinants, including altered synthesis, metabolism, and/or reuptake into neurons
and glia (Abdallah et al., 2014; Lener et al., 2017; Sanacora et al., 2012). Studies combining
MRS and fMRI show that decreased glutamate in the subgenual anterior cingulate cortex
(ACC) is associated with reduced connectivity with insula and decreased BOLD response to
emotional stimuli in MDD patients (Lener et al., 2017). These imaging studies point to
reductions in glutamate transmission in PFC subregions of MDD patients and are supported
by postmortem studies of decreased synapse number and expression of synaptic markers in
dIPFC of MDD subjects (Kang et al., 2012). There are also postmortem studies reporting
alterations of glutamate receptor subtypes providing further evidence of altered glutamate
transmission (AKkil et al., 2018; Feyissa et al., 2009; Gray et al., 2015; Karolewicz et al.,
2009).

Preclinical studies also report altered levels of glutamate, synaptic markers, and dendrite
formation in rodent models following both acute and chronic stress procedures. (Duman et
al., 2016; McEwen et al., 2015; McEwen and Morrison, 2013; Popoli et al., 2011; Sanacora
etal., 2012). Acute stress increases extracellular glutamate in the mPFC and hippocampus,
and this has led the hypothesis that glutamate-mediated excitotoxicity via actions at
extrasynaptic N-methyl-D-aspartate receptors (NMDARS) are responsible for the atrophy of
neurons in these brain regions (Popoli et al., 2011). The effects of stress can also be
mimicked by long-term administration of adrenal glucocorticoids indicating a role for the
HPA axis (Popoli et al., 2011). Less is known about the influence of chronic stress exposure
on glutamate levels.13C-MRS studies demonstrate that chronic stress exposure decreases the
cycling and metabolism of glutamate and glutamine, as well as GABA in rat PFC, effects
attributed to a reduction in glial metabolism (Banasr et al., 2010). Conversely, rapid acting
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antidepressant such as ketamine cause a transient increase in glutamate cycling in the mPFC
(Chowdhury et al., 2017).

The strongest evidence of altered glutamate transmission under chronic stress conditions
comes from morphological studies of excitatory principle neurons (Figure 1). These studies
show that exposure to chronic stress decreases dendrite length and branching of
hippocampus CA3 pyramidal neurons and mPFC layers I1/11 and V pyramidal neurons
(Duman et al., 2016; McEwen et al., 2015; McEwen and Morrison, 2013; Morrison and
Baxter, 2012). Chronic stress also decreases the number and function of spine synapses of
pyramidal cells (Li et al., 2011; Liu and Aghajanian, 2008) as well as levels of synaptic
markers, including GluA1, PSD95, and synapsin 1 in the mPFC (Li et al., 2011). Together
these studies indicate that chronic stress decreases the structure and function of glutamate
neurons and are consistent with the hypothesis that atrophy of glutamate neurons contributes
to the reduction in volume of cortical and limbic structures implicated in depression.

While these studies show clear evidence of glutamate neuronal atrophy in the PFC and
hippocampus, there is evidence of hypertrophy in the amygdala. Preclinical studies show
that chronic stress increases dendrite length and complexity in principle glutamate neurons
in the basolateral nucleus of the amygdala (McEwen et al., 2016; Roozendaal et al., 2009).
The BLA is involved in control of emotional valence processing, both positive and negative
and is associated with increased anxiety and depressive behaviors (Tye, 2018). There is also
evidence that social defeat and chronic stress increase mesolimbic dopamine system activity
and that these changes are associated with reduction in social interaction and depressive
behaviors (Russo and Nestler, 2013). These studies demonstrate the complex, region and
circuit specific effects of stress that could be relevant to increased and decreased
connectivity reported in depressed patients.

GABA alterations in MDD and stress

While GABA neurons make up a smaller fraction of the total neuronal population,
approximately 15-20 percent compared to glutamate, inhibitory neurotransmission and
balance with excitatory transmission are critical for normal brain function (Figure 1). Based
on evidence of altered glutamate and functional connectivity it is not surprising that there is
also evidence of disrupted GABA neurotransmission that contributes to the neurobiology of
MDD (Ghosal et al., 2017; Lener et al., 2017; Lin and Sibille, 2015; Luscher et al., 2011;
Northoff and Sibille, 2014). Early studies reported decreased levels of GABA in cerebral
spinal fluid of MDD patients (Fee et al., 2017; Gold et al., 1980). Brain MRS studies also
report reduced GABA levels in cortical brain regions of depressed patients, and
normalization of GABA with remission (Godfrey et al., 2018; Hasler et al., 2005; Hasler et
al., 2007; Price et al., 2009; Sanacora et al., 1999; Schur et al., 2016). Studies of transcranial
magnetic stimulation also report a reduction in GABA function in depressed patients,
determined by analysis of cortical inhibition (Bajbouj et al., 2006; Levinson et al., 2010).
This includes evidence for deficits of short- and long-interval cortical inhibition, as well as
the cortical silent period, which indicates deficits in the function of both ionotropic GABAA
and metabotropic GABAg receptors (GABAAR and GABAgR) (Fee et al., 2017; Radhu et
al., 2013). Postmortem studies report evidence of decreased levels of the GABA synthetic
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enzyme GADG67 in the PFC (Guilloux et al., 2012; Karolewicz et al., 2010). However,
reductions of GABA markers are also observed in other psychiatric illnesses, including
schizophrenia and bipolar disorder, indicating that GABA dysfunction is a more general
vulnerability factor for iliness (Fee et al., 2017). GABA alterations across psychiatric
disorders are also consistent with evidence of shared global connectivity (above) as well as
shared transcriptomic and genomic determinants of illness (see below).

Studies have also begun to examine markers of the three major largely nonoverlapping
GABA interneuron subtypes that can be classified based on morphological,
electrophysiological, and molecular characteristics, particularly the expression of
somatostatin (SST), parvalbumin (PV), or 5-HT3a receptors (DeFelipe et al., 2013). PV
interneurons are the most prominent (40%), and are made up of two subgroups, the
chandelier and basket cells that target the initial axons and soma, repectively of principle
neurons (Tremblay et al., 2016). SST interneurons make up approximately 30% of the
GABA population and target dendrites; most are referred to as Martinotti cells with axonal
plexus in layer 1. The 5-HT3a receptor subtype is further defined by expression of
vasoactive intestinal peptide (VIP) and can be bipolar or multipolar (DeFelipe et al., 2013).
GABA interneurons also express other calcium binding proteins and neuropeptides,
including calbindnin (CB), calretin (CR), cholecystokinin (CCK), and neuropeptide Y
(NPY) although expression of these proteins is found in different interneuron subtypes and
cannot be used for subclassification. Interneuron subtypes can also be further defined by
their electrophyiological and functional properties, resulting in a large diversity of
interneuron subtypes that are still being delineated. Circuit function is further complicated
by interconnections, for example VIP innervation of SST, and SST innervation of PV
interneurons, as well as regional and laminar differences in these effects (Tremblay et al.,
2016; Xu et al., 2013). Most of the work in the field of depression and stress has focused on
the PV and SST subtypes, as well as expression of other neuropeptides and calcium binding
proteins. Future studies are needed to further characterize the role of other interneuron
subtypes in depression, including single cell transcriptomic studies of postmortem MDD and
rodent chronic stress models.

Postmortem studies report a reduction in markers of SST/calbindin interneurons in the PFC
and other cortical regions (Maciag et al., 2010; Rajkowska et al., 2007), as well as decreased
levels of SSTmRNA expression in the dIPFC, ACC, and amygdala of depressed subjects
(Douillard-Guilloux et al., 2017; Seney et al., 2015; Tripp et al., 2011) (Figure 1). There is
less evidence of consistent alterations of PV and VIP interneurons in MDD (Fee et al., 2017,
Rajkowska et al., 2007; Sibille et al., 2011; Tripp et al., 2011). Alterations of PV
interneurons have been more consistently reported in postmortem schizophrenia (Dienel and
Lewis, 2018), demonstrating a level of interneuron divergence in these disorders. Aberrant
hyperconectivity resulting from loss or dysfunction of SST interneurons, could also be
exacerbated by loss of the electrical coupling of SST interneurons via gap junctions, which
has been reported for interneurons of the same class (Tremblay et al., 2016).

Preclinical studies of chronic stress also report reductions in levels of GABA synthetic
enzymes and neuropeptides in medial PFC and other cortical brain regions (Banasr et al.,
2017; Fee et al., 2017; Ghosal et al., 2017; Luscher and Fuchs, 2015; Luscher et al., 2011;
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Ma et al., 2016). Stress also causes a loss of GABA function via a shift in the reversal
potential resulting from decreased function of the transmembrane potassium chloride anion
co-transporter (Hewitt et al., 2009; MacKenzie and Maguire, 2015). This causes a
depolarizing shift in the reversal potential of GABAAR mediated responses that significantly
decreases inhibitory GABA inputs. We have also found that chronic unpredictable stress
(CUS, 3 week) exposure decreases pre- and postsynaptic GABA markers, including levels of
GADG65/67 and gephyrin in the PFC (Ghosal et al., 2018). Studies of SST and PV markers
have been mixed, with reports that CUS for 16 d causes a selective reduction of SST/
calbindin interneurons in the PFC and hippocampus with no change in PV (Nowak et al.,
2010; Zadrozna et al., 2011), and other reports that long-term chronic mild stress (9 week)
decreases PV, but not SST in PFC of susceptible rats (Czeh et al., 2005; Czeh et al., 2018;
Czeh et al., 2015). Another recent study finds that 5 weeks of CUS decreases protein levels
of GADG67, as well as SST and NPY, with a trend for PV in the PFC and/or hippocampus
(Banasr et al., 2017); levels of SST and NPY mRNA in the PFC were also decreased. The
reasons for these discrepancies are unclear but could be due to the length of stress exposure,
type of stressors, and the method for analyzing interneuron markers. In contrast to these
effects of stress, administration of SST is reported to produce anxiolytic as well as
antidepressant actions in rodent models possibly via actions in the amygdala and septum
(Engin et al., 2008; Engin and Treit, 2009; Yeung et al., 2011).

How does loss of SST and PV interneuron activity translate functionally? SST interneurons
target dendrites and regulate dendritic excitability, thereby gating the pattern of functional
connectivity inputs (Chiu et al., 2018). SST interneurons are recruited via NMDA receptor
activation, and loss of SST function or blockade of SST-NMDARS reduces input selectivity,
thereby causing abberant hyperconnectivity of principal neurons (Chiu et al., 2013); this is
consistent with the increase in cortical functional connectivity produced by acute NMDAR
blockade in humans (Driesen et al., 2013). The precision of neural representations is
maintained through the inhibitory sculpting of principal neural activity and is degraded by
this form of NMDAR blockade induced hyperconnectivity (Krystal et al., 2017; Murray et
al., 2014). PV interneurons target the soma and initial axon of pyramidal neurons and play a
critical role in coordinating the temporal fidelity of neural oscillatory activity, which would
be impaird by reduced PV function or blockade PV-NMDARs (Dienel and Lewis, 2018),
Thus, deficits in GABA signaling compromise the signal to noise properties of the cerebral
cortical neurons, undermining many important features of cortical function (Krystal et al.,
2017).

The impact of altered GABA levels has been examined using mutant mouse models, as well
as chemo- and optogenetic approaches. Models of stress suggest that behavioral phenotypes
relevant to depression, such as anhedonia and neophabia, are observed in GABA receptor
(GABAAR) mutant mice (Luscher and Fuchs, 2015; Ren et al., 2016) or in mutant mice with
a 50% tissue reduction in hippocampal and cortical GABA (Kolata et al., 2018). Global
heterozygous deletion of the GABAAR 2 subunit (y2*/), a constitutive subunit of the
synaptic GABAAR receptor complex causes depressive behaviors and homeostatic reduction
of glutamate a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
and NMDAR function (Ren et al., 2016). A role for SST is supported by studies of Sst
deletion mutant mice, which have a depressive like phenotype in anxiety and depression
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associated behaviors, as well as decreased expression of brain derived neurotrophic factor
(BDNF) and GADG67 (Fuchs et al., 2017). Chemogenetic studies using Gi DREADDs to
inhibit SST interneuron function demonstrate that acute inhibition increases anxiety and
depressive behaviors while chronic inhibition has the opposite effect, probably due to
adaptations to chronic inhibition (Soumier and Sibille, 2014).

The mechanisms underlying stress susceptibility of SST interneurons is not clear but there is
evidence of age associated loss of SST neurons that is accelerated in MDD (Fee et al.,
2017). There is also evidence that CUS (6 weeks) causes selective effects on SST
interneurons compared to pyramidal neurons, notably increased EIF2 kinase signaling and
increased ER stress that could reduce SST interneuron function (Lin and Sibille, 2015). ER
stress is characterized by overload of protein translation systems, leading to misfolding and
accumulation of nonfunctional proteins. Decreased neurotrophic factor expression is another
possible mechanism as the maintenance and survival of SST interneurons is dependent on
BDNF, which is decreased by stress (Duman and Monteggia, 2006; Grosse et al., 2005;
Martinowich et al., 2011). There is also evidence that BDNF-regulated genes, including
markers of SST interneurons are decreased in MDD (Tripp et al., 2012). Postmortem studies
demonstrate that BDNF mRNA isoforms that target dendrites are decreased in PFC of MDD
subjects and are correlated with reduction of SST expression (Oh et al., 2018). This study
found that chronic stress causes a similar reduction of dendrite targeting BDNF mRNA
isoforms and knockdown of these isoforms was sufficient to cause dendrite retraction,
decreased Sstexpression, and depressive/anxiety behaviors (Oh et al., 2018).

Genetics of depression: identification of loci related to neurotransmission

Modest rates of heritability combined with disease heterogeneity have slowed efforts to
identify the gene loci associated with depression. In addition, it is well accepted that
complex illnesses such as depression have many common gene loci, each with small effect
size further confounding genetic studies (Sullivan et al., 2018). These factors have resulted
in the requirement of large sample sizes (100,000 to 200,000, or more) to identify common
genetic risk variants, as well as rare variants of disease (Akil et al., 2018; Sullivan et al.,
2018). The Psychiatric Genomics Consortium (PGC), a global effort to combine and create
large data sets, was formed to address this issue. These combined large genome wide
association studies (GWAS) are making progress and report a strong association with gene
loci related to synaptic transmission, as well as other gene loci. One early study of 60,000
cases reported significant associations of major psychiatric ilinesses, including
schizophrenia, bipolar disorder and MDD with immune, neuronal signaling, synaptic
density, and histone pathways (Network and Pathway Analysis Subgroup of Psychiatric
Genomics, 2015). A more recent study by the PGC MDD working group examined 135,458
patients with depression (cohorts were defined by different criteria) and 344,901 controls
and identified 44 genetic loci that included genes involved in brain development and HPA
axis control (RBFOXI), presynaptic differentiation and neuroinflammation (LRFN5),
presynaptic vesicle trafficking (PCLO), calcium signaling (CACNAIE, CACNAZDI), and
dopamine (DRDZ2) and glutamate receptors (GRIK5, GRM5) (Wray et al., 2018). Expression
of these genes is enriched in brain, particularly frontal cortex and anterior cingulate, and cell
type enrichment analysis identifies neurons as the highest represented cell type overall. A
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UK study that included 322,580 Biobank participants with 3 depression related phenotypes
identified 17 loci, with gene sets enriched in excitatory transmission, mechanosensory
behavior, neuronal spines, and dendrite function (Howard et al., 2018).

Together these studies provide strong evidence of gene loci related to synaptic transmission
in depression and other psychiatric disorders. Many of these gene loci are associated with
glutamate excitatory systems, although indirect effects on inhibitory systems cannot be ruled
out. The impact of these gene polymorphisms on excitatory and inhibitory transmission, as
well as functional connectivity could be interesting. For example, the BDNF Val66Met
polymorphism, which blocks the processing and activity dependent release of BDNF, is
associated with increased covariance of amygdala-cortical networks implicated in depression
in adolescent female Met allele carriers (Wheeler et al., 2018). This study also found that the
Met allele is associated with stronger resting state functional connectivity and increased
chance of depression in adolescent females.

An important finding of these genetic studies is the overlap in gene loci across psychiatric
illnesses. This was noted in one of the early pathways analysis studies (Network and
Pathway Analysis Subgroup of Psychiatric Genomics, 2015), as well as the more focused
depression genetic study (Wray et al., 2018). Another recent study of 25 brain disorders that
included 265,218 patients and 784,683 controls also reports sharing of common risk variants
across psychiatric disorders, including ADHD, bipolar disorder, MDD, and schizophrenia
(Brainstorm et al., 2018) (Figure 2). This contrasts with neurological disorders which do not
overlap with each other or with psychiatric disorders. This polygenic overlap of gene loci
between psychiatric illnesses indicates that common genetic variants can lead to diverse
illnesses.

Overlap between psychiatric disorders has also been reported in large scale postmortem
transcriptomic studies. A recent meta-analysis reports shared gene expression patterns, with
the highest degrees of overlap between schizophrenia, bipolar disorder and MDD (Gandal et
al., 2018) (Figure 2). They also report that the transcriptome overlap is significantly related
to polygenic overlap of single nucleotide polymorphisms reported for these disorders. The
exact nature of the behavioral phenotype and classification could be dependent on the
complexity of the genetic architecture, including a large number of interacting gene loci,
both susceptible and protective, as well as sex, metabolic and environmental interactions.
These issues are the focus of ongoing large genomic studies of depression and other
psychiatric illnesses (Sullivan et al., 2018).

Most of genome association and transcriptome studies have not examined sex as a separate
covariate, even though rates of depression are two-fold higher in women. While variants
with strong effect might not be influenced by sex, it is possible that the impact of certain
common gene variants with small effect size might be dependent on endocrine or
environmental factors that are specific to women, or that X-linked polymorphisms play a
role in susceptibility. More recent transcriptome studies have reported sex differences (see
below).
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Stress and neurotrophic factors: Mechanisms underlying synaptic loss

Studies have begun to investigate the mechanisms underlying the loss of synapses in
preclinical models of depression. The HPA axis and elevation of adrenal glucocorticoids, the
hallmark endocrine response to stress play an important role in the development of MDD, as
well as other psychiatric disorders. Preclinical studies demonstrate that administration of
glucocorticoids is sufficient to cause atrophy of dendrites and decreased synaptic number in
the hippocampus and PFC (Marrocco and McEwen, 2016; McEwen et al., 2016). There is
also evidence that administration of adrenal glucocorticoids can lead to deficits of GABA
neurotransmission (Ghosal et al., 2017; Luscher et al., 2011; Northoff and Sibille, 2014).
Several possible downstream targets of glucocorticoids have been examined, including
BDNF, a major neurotrophic factor that contributes to the maintenance and survival of
neurons, as well as activity dependent regulation of synapse number and function (Hedrick
et al., 2016; Martinowich et al., 2007; Song et al., 2017). Levels of BDNF are decreased in
postmortem hippocampus and PFC of depressed subjects (Duman and Monteggia, 2006; Fee
etal., 2017), implicating this factor in the reduced volume of these brain regions in MDD
(Figure 1). Further evidence comes from identification of a common polymorphism, the
BDNF Val66Met allele, which blocks the processing and activity dependent release of
BDNF (Chen et al., 2006). Carriers of the BDNF Met allele have reduced hippocampal
volume and decreased executive function (Frodl and O’Keane, 2013; Frodl et al., 2007), and
are at greater risk for depression when exposed to early life stress or trauma (Gatt et al.,
2009; Kaufman et al., 2006; Kim et al., 2007).

Preclinical studies have also provided evidence for a role of BDNF in depression and
treatment response (Figure 1). Mice with a knockin of the BDNF Val66Met allele have
reduced dendrite arbor and decreased synapse humber and function in the PFC and
hippocampus, similar to chronic stress (Chen et al., 2006; Magarinos et al., 2011). In
addition, there is no further reduction of dendrite complexity in Met mice exposed to chronic
stress (Magarinos et al., 2011). BDNF deletion mutant mice or Met knockin mice do not
respond to antidepressant treatments, indicating a requirement for functional BDNF (Liu et
al., 2012; Monteggia et al., 2007). Clinical studies also report that BDNF Met carriers have a
significant reduction in the response to ketamine (Laje et al., 2012), although this was not
observed in an Asian population suggesting that there are race specific interacting gene loci
(Su et al., 2017). The synaptic actions of BDNF are mediated by a number of signaling
pathways, including mTORC1, which plays a role in activity dependent protein translation
and synapse formation (Castren and Kojima, 2017). Chronic stress decreases mTORC1
signaling via up-regulation of a negative regulator, REDD1, which is sufficient to cause
synaptic loss in the PFC (Ota et al., 2014).

There is also evidence that BDNF plays a role in the maintenance and survival of SST
interneurons (Grosse et al., 2005; Martinowich et al., 2011), and that BDNF-regulated genes,
including markers of SST interneurons are decreased in MDD (Tripp et al., 2012).
Expression of BDNF decreases with age, and expression of genes involved in both inhibitory
and excitatory neurotransmission are also decreased and are significantly correlated with
BDNF expression (Oh et al., 2016). Blockade of BDNF-TrkB signaling causes a similar
reduction of GABA, but not glutamate markers, leading to the conclusion that BDNF
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reduction is directly linked to regulation of GABA, which subsequently causes a
homeostatic decrease in glutamate function (Oh et al., 2016).

Sex differences in GABA and Glutamate function

Women are at a two-fold higher risk for depression compared to men, and twin studies
report a higher genetic risk in women (40 percent) relative to men (30 percent) (Flint and
Kendler, 2014). These findings suggest sex specific alleles but also raise the possibility of
polymorphisms that interact with sex specific endocrine factors, as well as environmental
and behavioral differences. For example, social stress is a greater risk factor for women
whereas low self-esteem is more relevant to men (Kendler and Gardner, 2014). A sex
difference in connectivity was reported in adolescents, with an affective go/no-go task and
fMRI reporting differences in supramarginal gyrus and posterior cingulate (Chuang et al.,
2017). There have been few fMRI connectivity studies of sex differences although nothing
definitive has emerged and it is possible that brain imaging studies are underpowered to
identify sex differences. There is some evidence from postmortem studies demonstrating
differences in the expression of glutamate receptor subtypes in cortical brain regions (Gray
et al., 2015), and SS7 gene expression deficits in the ACC and sgPFC are greater in women
compared to men (Seney et al., 2015; Tripp et al., 2011). Studies in Sstdeletion mutant mice
also report greater effects on measures of behavioral emotion in females compared to males
(Lin and Sibille, 2015).

Large fluctuations in ovarian steroids have been linked to increased risk of depression in
women (McEwen and Milner, 2017; Rubinow, 2011; Schiller et al., 2015). This includes
fluctuations in levels of the neuroactive steroid allopregnanolone with specific actions at the
GABAAR complex. In particular, allopregnanolone levels are high during pregnancy and
precipitously drop at birth, giving rise to overall reduced GABA function that is thought to
underlie postpartum depression (Zorumski et al., 2013). This has led to the development of a
novel, efficacious treatment for postpartum depression, that has received breakthrough status
from the FDA (Kanes et al., 2017).

There have been two high profile postmortem transcriptome studies reporting sex differences
in cortical structures of MDD subjects (Labonte et al., 2017; Seney et al., 2018). Labonte
and colleagues reported sex specific disease transcriptome modules in postmortem cortical
brain regions and found that manipulation of these modules in mice produces depressive
behaviors but only in the corresponding sex (DUSP in females, EMX1 in males). Moreover,
they found convergence of these sex specific modules at the level of activity of excitatory
neurons in the PFC that could underlie the observed convergence on depressive behaviors
(Labonte et al., 2017). The effects of these modules on GABA interneuron function was not
tested. Seney and colleagues reported overlap of transcriptome profiles of dIPFC and sgPFC
but in the opposite direction in men compared to women: synapse related genes were
decreased in men and increased in women, whereas oligodendrocytes and microglia markers
were increased in men and decreased in women (Seney et al., 2018).

There is also evidence from rodent studies that chronic restraint stress causes sex specific
alterations of dendrite morphology of layer 1I/111 pyramidal neurons in the infralimbic PFC;
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in females, there is a reduction in spine density of neurons projecting to the BLA that is not
observed in males, although males display decreases in spine density in a larger population
of pyramidal neurons in the infralimbic PFC (Shansky et al., 2009; Shansky and Morrison,
2009). Ovarian steroids are also reported to significantly regulate dendrite and synapse
number in the hippocampus and PFC and abnormal fluctuations of these hormones could
lead to alterations of synaptic connectivity (Marrocco and McEwen, 2016; McEwen and
Milner, 2017).

Novel antidepressants treatments that influence glutamate

Evidence from brain imaging, MRS, and postmortem studies as well as chronic stress
models demonstrate deficits of both glutamate and GABA neurotransmitter systems in
cortical and limbic brain regions. These deficits are associated with MDD and based on
preclinical studies are causally related to depressive-like behaviors, indicating that
treatments that reverse or normalize glutamate and GABA neurotransmission should
improve depressive symptoms. Agents that directly target the major excitatory and inhibitory
systems should also be more effective than typical antidepressants that block the reuptake of
modulatory monoamine neurotransmitters, which could account for the slow onset and
modest efficacy of these agents. However due to their ubiquitous nature, drugs targeting the
primary excitatory and inhibitory systems in the brain may also produce more side effects
that would have to be balanced with potential increased efficacy.

Based in part on evidence of excitatory neuronal deficits, agents that act as glutamate
AMPAR positive allosteric modulators (PAMSs) have been developed and shown to have
efficacy in rodent models (Sanacora et al., 2008). However, clinical use has been limited as
AMPAR PAMs with greater activity also have more side effects and finding the right
balance has been difficult. Further evidence for glutamatergic agents is provided by studies
of mGIuR2/3 antagonists that regulate presynaptic release of glutamate (Xi et al., 2002).
Preclinical studies demonstrate that mGIluR2/3 antagonists increase extracellular glutamate
in the PFC and produce rapid antidepressant behavioral actions in rodent models (Koike et
al., 2011). These agents also increase GluAl, as well as other synaptic proteins in the PFC
and the antidepressant behavioral actions require BDNF and mTORC1 signaling (Dwyer et
al., 2012; Koike et al., 2011). However, initial clinical trials with mGIluR2/3 antagonists have
been negative, possibly due to trial methodology and extremely high placebo response rates.

There is also growing evidence from studies of rapid acting antidepressants, notably
ketamine, of increased glutamate connectivity and signaling. Infusion of a low nonanesthetic
dose of ketamine (0.5 mg/kg, i.v., 40 min) leads to a rapid (80 min) and sustained (up to 7 d)
antidepressant response even in patients considered treatment resistant (Berman et al., 2000;
Zarate et al., 2006). This ketamine treatment regimen is also reported to produce rapid and
sustained thereapeutic effects in a small trial (12 patients) of anxiety disorder (Glue et al.,
2017). Although ketamine is an NMDAR channel blocker, it produces a paradoxical burst of
glutamate in the rodent PFC (Moghaddam et al., 1997) (Figures 1, 3). Increased glutamate
signaling is supported by MRS studies in rodents and humans, demonstrating dose
dependent increases in glutamate cycling (Chowdhury et al., 2017). Importantly, these
studies demonstrate that the burst of glutamate is rapid (within minutes) and transient, which
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is critical to limit the excitotoxic effects of ketamine (Chowdhury et al., 2017; Moghaddam
etal., 1997). The cellular trigger for this burst of glutamate is thought to involve blockade of
NMDAR on tonic firing GABA interneurons, leading to disinhibition of glutamate
transmission (Duman et al., 2016; Miller et al., 2016). Tonic activity of GABA interneurons
would allow for removal of the Mg2+ block of the NMDAR channel thereby increasing
sensitivity of these interneurons to ketamine blockade compared to less active glutamate
neurons (Figure 1). Recent slice electrophysiology studies demonstrating that ketamine
incubation decreases IPSCs on hippocampal principle neurons supports this hypothesis
(Widman and McMahon, 2018). In addition, preliminary studies demonstrate that
knockdown of the NMDAR GIuN2B subunit on GABA, but not glutamate neurons blocks
the antidepressant actions of ketamine (Gerhard and Duman, 2018). The muscarinic receptor
antagonist scopolamine, which also produces rapid antidepressant actions in MDD patients,
is dependent on blockade of M1 receptors on GABAergic interneurons in the mPFC and
disinhibition of glutamate transmission (Wohleb et al., 2016).

Although transient, the ketamine stimulated glutamate burst causes activity dependent
synapse formation that is dependent on BDNF release and stimulation of the mTORC1
signaling pathway (Duman et al., 2016; Lepack et al., 2014; Li et al., 2010; Liu et al., 2012)
(Figures 1, 3). A single dose of ketamine increases the number and function of spine
synapses on layer V pyramidal neurons in the mPFC and these effects are blocked in mice
with a knockin of the BDNF Met allele or by infusion of a selective mTORC1 antagonist (Li
etal., 2010; Liu et al., 2012) (Figure 3). A single dose of ketamine also rapidly reverses the
mPFC synaptic and behavioral deficits caused by CUS (Li et al., 2011). The increase in
synapse number and function is accompanied by increased levels of synaptic proteins,
including GIuA1l in the PFC (Li et al., 2010; Li et al., 2011; Maeng et al., 2008). A role for
increased glutamate-AMPAR activity is provided by studies demonstrating that pretreatment
with an AMPAR antagonist blocks the antidepressant actions of ketamine in rodents (Li et
al., 2010; Maeng et al., 2008). Ketamine also increases protein synthesis in hippocampus via
blockade of eukaryotic elongation factor 2 kinase signaling (Autry et al., 2011). Regulation
of signaling in hippocampus and requirement for hippocampus projections to PFC have also
been reported (Carreno et al., 2016). Additional studies are needed to further investigate the
actions of ketamine on other corticolimbic brain structures.

Other rapid acting agents are reported to also have convergent effects on excitatory synapse
formation and functional connectivity. This includes ketamine stereoisomers (R and S),
ketamine metabolites (S-norketamine and (2R,6R)-hydroxynorketamine), and the
muscarinic receptor antagonist scopolamine; all of these agents increase synaptic proteins,
including GIuAZ1, and/or synapse number and function (Duman, 2018; Yang et al., 2017;
Zanos and Gould, 2018). The S stereoisomer, referred to as Esketamine has received fast
track status from the FDA and a 14 to 2 vote in favor of approval. Most of these agents also
cause a burst of glutamate and require activity dependent BDNF release. Another agent,
rapastinel, a NMDAR PAM, also increases GIuA1 and synapse number and function in
rodents (Burgdorf et al., 2013; Kato et al., 2018; Liu et al., 2016), and produces rapid
antidepressant actions in depressed patients (Preskorn et al., 2015). These studies have also
led to the development of a number of other NMDAR agents, including selective GIuUN2B
negative allosteric modulators (NAMSs) and glycine site agents (Duman et al., 2016).
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Novel antidepressant treatments that act on GABA systems

Therapeutic strategies that target GABA deficits for the treatment of depression are also
being developed. Early studies reported beneficial effects of benzodiazepines, which
enhance the function of synaptic y2 containing GABAARS that are expressed throughout the
brain (Petty et al., 1995). While these agents are highly effective anxiolytics, they have
modest efficacy as long-term antidepressants and are limited by side effects and abuse
potential. Further evidence potential therapeutic actions of GABAergic agents is provided by
studies of mutant mice with deletion of the GABAAR -y2-subunit in the SST interneurons,
resulting in disinhibition of GABA neurotransmission that produces an antidepressant
behavioral phenotype (Fuchs et al., 2017).

Based on this and other evidence Luscher and colleagues have proposed that more selective
GABAAR modulators could produce more effective antidepressant actions with fewer side
effects (Luscher and Fuchs, 2015; Luscher et al., 2011). For example the a5-subunit has a
more restricted expression in cortical and limbic brain regions implicated in depression and
a5-GABAARS are thought to mediate the inhibitory actions of SST interneurons particularly
on dendrite targeting projections (Ali and Thomson, 2008; Fee et al., 2017; Schulz et al.,
2018). Preclinical studies demonstrate that acute or chronic administration of an a5-
selective PAM produces antidepressant actions in female mice exposed to chronic stress
(Piantadosi et al., 2016). Further studies are needed to confirm and extend these findings and
identify a5 PAMs that are effective in males. Somewhat surprising, there is evidence that a5
selective NAMs also produce rapid antidepressant actions (Fischell et al., 2015; Zanos et al.,
2017). Although this appears contradictory to evidence of a GABA deficit in MDD and the
antidepressant actions of the a5 PAM, the a5 NAMs are thought to produce a ketamine-like
transient disinhibition of glutamate transmission, resulting in activity dependent induction of
synaptic function, including increased GIuA1 expression in the hippocampus (Fischell et al.,
2015).

Another promising area is neuroactive steroids, specifically allopregnanolone (Zorumski et
al., 2013). Allopregnanolone is a GABAAR PAM, and acts on complexes containing most
subunits, including synaptic (a, B, and y) as well as the extrasynaptic & that mediates tonic
inhibition (MacKenzie and Maguire, 2013). Allopregnanolone was initially targeted for its
potential in postpartum depression, to replace the precipitous drop that occurs at birth,
resulting in reduced GABAAR transmission (Bloch et al., 2000; Schiller et al., 2015). As
noted previously, a recent study demonstrates that administration of allopregnanolone
formulation, referred to as brexanolone developed by SAGE, produces rapid and robust
antidepressant effects in postpartum depressed women lasting for a month or longer
following a single 60-hr infusion (Kanes et al., 2017). In addition, an allopregnanolone
analogue, SAGE-217 has recently shown rapid antidepressant efficacy in a mixed population
(male and female) of MDD patients, indicating more broad effects via enhanced GABAAR
function. Because of these encouraging findings, brexanolone and SAGE-217 have received
breakthrough status from the FDA.

GABA also acts via metabotropic GABAg receptors (GABAgR) that are typically found as
heterodimers of GABAR1R and GABAg,R (Cryan and Kaupmann, 2005; Gassmann and
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Bettler, 2012). TMS studies of cortical inhibition provide evidence of GABAgR, as well as
GABAARR deficits in depression (Fee et al., 2017; Radhu et al., 2013), and preclinical studies
report that antidepressant treatments up-regulate GABAgRS (Alexander, 2017). While
studies of GABAgR agonists have been mixed, there is more consistent evidence that
GABAGgR antagonists produce antidepressant actions (Alexander, 2017).

In addition to these direct GABA targeting approaches, indirect up-regulation of GABA
systems contribute to the response to rapid acting antidepressants. Ketamine, as well as the
selective GIUN2B negative allosteric modulator Ro 25-6981 and scopolamine all produce a
transient increase in GABA cycling shortly following administration in rodents (Chowdhury
et al., 2017). Ketamine also transiently increases the GABA/W ratio in mPFC during the
time of ketamine infusion in depressed humans (Milak et al., 2016). Imaging studies report
that hyperactivity of the DMN and altered connectivity with the insula in depressed patients
is normalized by ketamine up to 2 days after infusion, possibly due to increased GABA
function (Evans et al., 2018). Studies in healthy controls are also consistent with the
hypothesis that ketamine enhances GABA inhibition, reporting that ketamine decreases
DMN connectivity and reduces reactivity of amygdala-hippocampal circuity in response to
emotional stimuli (Evans et al., 2018; Scheidegger et al., 2016; Scheidegger et al., 2012).
This effect was observed up to 2 days after ketamine (Evans et al., 2018), although another
study reports that decreased global connectivity in MDD patients is normalized one day after
a single dose of ketamine (Abdallah et al., 2017), possibly due to type of analysis or
response heterogeneity.

While brain imaging studies may be difficult to interpret, genetic engineering studies in
rodents provide evidence that ketamine and other rapid acting agents up-regulate GABA
signaling. Luscher and colleagues (Ren et al., 2016) demonstrate that mice with a global
heterozygous deletion of the GABAAR 2 (y2*/~) subunit have a depressive behavioral
phenotype and a homeostatic reduction of NMDAR and AMPAR in the PFC and
hippocampus. A single dose of ketamine reversed the behavioral and glutamate receptor
synaptic deficits, and enhanced GABA synaptic function. Incubation of GABAAR y2*/~
cultured neurons with ketamine also increased the GABA synaptic markers VGAT and
gephyrin in (Ren et al., 2016).

In agreement with these studies, we have found that a single dose of ketamine increases pre-
and postsynaptic markers of GABA synapses in PFC, including increased GAD65/67,
VGAT, and gephyrin, and reversed the deficits in these GABA markers caused by chronic
stress exposure (Ghosal et al., 2017) (Figures 1, 3). Ketamine also produced a sustained
increase in the function of GABA transmission, demonstrated by increased IPSCs in layer V
pyramidal neurons in the PFC. Similar effects have been observed with the NMDA allosteric
modulator rapastinel (unpublished), and studies are currently underway to determine if other
rapid acting agents produce similar effects. It is interesting to speculate that up-regulation of
GABA neurotransmission could play a role in the sustained, as well as rapid antidepressant
actions of these agents, and studies are being conducted to test this hypothesis.

Although these findings appear to contradict the acute actions of ketamine to block NMDAR
drive of GABA interneurons, these effects are rapid and transient, occurring within the first
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30 to 60 minutes after dosing (Chowdhury et al., 2017; Moghaddam et al., 1997). However,
the burst of glutamate leads to activity dependent BDNF release and sustained effects on
both GABA and glutamate synaptic markers and function (Figure 3). The activity dependent
release of BDNF, which enhances both GABA and glutamate synaptic function, could be a
key mediator of these effects.

Summary and conclusions

Clinical and preclinical evidence demonstrates deficits in both glutamate and GABA
signaling in MDD, raising questions about the vulnerability of these major neurotransmitter
systems and whether homeostatic mechanisms play a role in the development and/or
progression of illness? Preclinical studies demonstrate the functional impact of glutamate
and GABA alterations on synaptic and behavioral responses in rodent models, including
induction of depressive-like effects and reversal by rapid acting antidepressants. Some
evidence points to GABA as the primary determinant, as manipulation of BDNF signaling
leads to initial deficits in GABA, but not glutamate (Oh et al., 2018). Vulnerability of GABA
interneurons, particularly SST could be related to the tonic activity of these interneurons in
control of excitatory neurons, and age or illness related failure of these neurons would lead
to imbalance and further maladaptive changes that cause degradation of signal integrity.
Depression could also result from systems level alterations (e.g., hyperactivity of the DMN)
in conjunction with genetic susceptibility alleles, many of which influence
neurotransmission, as well as environmental (stress and trauma) and sex-related (ovarian
steroid fluctuations) risk factors. Overlap of connectivity, gene loci, and transcriptome
networks with schizophrenia and bipolar disorder indicates that psychiatric illnesses have
common underlying determinants that present as different clinical behavioral phenotypes,
which could be dependent on the genetic landscape as well as environmental and endocrine
factors. Additional large-scale collaborative studies with increased statistical power are
required to identify the genetic determinants and how gene loci interact with other risk
factors that together influence functional connectivity, GABA and glutamate transmission,
and complex behaviors. These advances will also provide the rationale for informed and
targeted therapeutic interventions with greater efficacy and reduced side effects.
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Figure 1. Stress and depression decrease both glutamate and GABA neurotransmitter systems in
cortical and limbic brain regions: Reversal by ketamine.

SST interneurons innervated dendrites of principle neurons and gate synaptic input while PV
interneuron subtypes innervate the soma (basket cells) and initial axon (chandelier cells) of
principle neurons and gate output. Under normal nonstressed conditions, GABA and
glutamate transmission is balanced and optimized to provide high signal to noise ratio and
integrity of signal transfer. Clinical and preclinical studies report that depression and chronic
stress cause deficits of both GABA and glutamate systems. Clinical studies demonstrate
reductions in the volume of prefrontal cortex (PFC) and hippocampus, reductions in synaptic
markers, decreased SST interneuron markers, as well as decreased levels of glutamatic acid
decarboxylase (GAD). There is less consistent evidence for deficits of PV interneurons.
Preclinical studies demonstrate that chronic stress exposure causes atrophy of pyramidal
neuron dendrites in PFC and hippocampus, reductions of synapse number and proteins
(PSD95, GIuA1l), and decreased levels of the vesicular glutamate transporter (VGLUT));
chronic stress also causes reductions of GABA neuronal markers, notably SST, the vesicular
GABA transporter (VGAT), GAD, and gephyrin. Reductions in GABA and glutamate
neurotransmitter systems would decrease signal to noise ratio and result in degradation of
signal integrity in these regions.

In contrast, a single dose of ketamine, which causes rapid and efficacious antidepressant
actions in depressed patients, rapidly increases both GABA and glutamate systems and
reverses the deficits caused by chronic stress exposure. Preclinical studies show that
ketamine causes a burst of glutamate via blockade of NMDARs on GABA interneurons.
GABA interneurons are more sensitive to ketamine because their tonic firing removes Mg+2
from the channel, allowing ketamine to enter and block the channel. This glutamate burst
causes activity dependent release of BDNF and increased synapse number and function in

Neuron. Author manuscript; available in PMC 2020 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Duman et al.

Page 29

layer 5 pyramidal neurons in the medial prefrontal cortex (mPFC), as well as increased
synaptic markers (PSD95, GIuAl, VGLUT). Recent studies show that ketamine rapidly
increases GABA function in the mPFC including increased levels the VGAT, GAD, and
gephyrin. Up-regulation of GABA and glutamate neurotransmitter systems reverses the
effects of chronic stress exposure, and thereby increases signal to noise and enhances
integrity of signaling in these regions
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Figure 2. Genome and transcriptome overlap between psychiatric disorders.
(A) The psychiatric genomics consortium (PGC) reported common variant risk was

significantly correlated for psychiatric illnesses, most notably attention hyperactivity
disorder (ADHD), BD, MDD, and schizophrenia (Brainstorm Consortium, 2018). There was
little or no overlap with neurological disorders, including Alzheimer’s disease, epilepsy, and
migraine. Both psychiatric and neurological disease groups show correlations with
neurocognitive quantitative phenotypes. Blue indicates positive, and red negative
correlations; solid lines indicate higher degree of correlation. The first panel shows
correlations between psychiatric conditions and with quantitative measures of neuroticism,
smoking and education. The second panel shows correlations between psychiatric and
neurological disorders. (B) A meta-analysis found significant overlap of transcriptome
profiles between schizophrenia (SCZ), bipolar disorder (BD), autism spectrum disorder
(ASD) and major depressive disorder (MDD) (Gandal et al., 2018). There was no significant
overlap with irritable bowel syndrome (IBD) and alcoholism (AAD).
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Figure 3. Chronic stress and depression decrease and rapid acting antidepressants increase
glutamate and GABA neurotransmitter function.

Chronic stress and depression are associated with reductions of both glutamate and GABA
function, including atrophy of pyramidal neurons and reductions of glutamate and GABA
neuronal markers in the medial PFC and hippocampus. Rapid acting antidepressants, notably
ketamine and esketamine that produce rapid antidepressant actions in depressed patients,
rapidly up-regulate glutamate synapse density, synaptic protein levels (i.e., PSD95, GIuAl,
VGLUTS), and function, and also increase GABA function, including increased VGAT,
GAD, and gephyrin. Ketamine causes a transient burst of glutamate, resulting from blockade
of NMDA receptors on tonic firing GABA interneurons. This glutamate burst causes
synaptic remodeling and resetting of glutamate and GABA systems. Other rapid acting
antidepressants, including the muscarinic receptor antagonist scopolamine and mGIluR2/3
antagonists also produce rapid antidepressant actions via transient stimulation of glutamate.
The glutamate burst stimulates BDNF release, which activates downstream signaling,
including the Akt-mTORC1 pathway that increases synaptic proteins synthesis. Blockade of
this pathway with the selective mTORCL inhibitor rapamycin blocks the synaptic and
antidepressant behavioral actions of ketamine. Deficits of GABA, combined with evidence
that fluctuations of neuroactive steroids contribute to depression in women have led to
development of GABAergic agents, including formulations of alloprenanolone (brexanolone
and SAGE-217), which act as positive allosteric modulators of the GABAAR complex.
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