Chapter 13
Altered GABA function in Major Depression

Beverly French, Marianne L. Seney and Etienne Sibille

Abstract Disrupted information transfer and processing at gamma-aminobutyric
acid (GABA) and glutamate synapses, especially in corticolimbic circuits, has been
proposed as a critical component of the pathophysiology of mood disorders. Here
we review evidence of the primary pathology from human postmortem brains, sup-
ported by imaging studies in living subjects, for alterations in pyramidal excitatory
neurons, GABA inhibitory neurons, and supporting glia, including oligodendro-
cytes and astrocytes. The data suggest combinatorial changes in most investigated
components, converge on putative functional changes at glutamate and GABA syn-
apses, and indicate that a subset of GABA neurons, which express specific cellu-
lar markers (calbindin, somatostatin, neuropeptide Y) and target distal dendrites of
pyramidal neurons, may be more selectively and robustly affected in major depres-
sion. Pathologies in this subset of GABA neurons display a continuum of changes
across brain disorders, may significantly contribute to deregulated GABA-contain-
ing tripartite synapses providing dendritic inhibition, and have implications for cor-
ticolimbic information processing in major depression and other brain disorders
sharing similar pathologies.
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CR Calretinin

dIPFC Dorsal lateral prefrontal cortex

EAATI Excitatory amino acid transporter! glutamate clearance
transporter 1

EAAT2 Excitatory amino acid transporterlglutamate clearance
transporter 2

GABA Gamma-aminobutyric acid

GABA,R GABA A receptor

GABAZR GABA B receptor

GABA-T GABA transaminase

GABBRI1 GABA B receptor 1

GABBR2 GABA B receptor 2

GAD Glutamic acid decarboxylase

GAT GABA transporter

GFAP Glial fibrillary acidic protein

GLS Glutaminase

GLUL Glutamate ammonia ligase

GS Glutamine synthetase

"H MRS Proton magnetic resonance spectroscopy

NPY Neuropeptide Y

OFC Orbital frontal cortex

PFC Prefrontal cortex

PV Parvalbumin

qPCR Quantitative polymerase chain reaction

sgACC Subgenual anterior cingulate cortex

SNAT3 Astrocytic system N transporter

SNAT1/SNAT2 System A transporters

SST Somatostatin

TRKB Tropomyosin related kinase B

VGAT Vesicular GABA transporter

13.1 Introduction

Major depressive disorder, or major depression, is a common, devastating mood
disorder characterized by low mood and a reduced ability to experience pleasure
from previously enjoyable activities (anhedonia), which occurs in the presence
of additional cognitive and physiological symptoms, such as loss of attention and
concentration, recurrent thoughts of suicide, changes in weight, sleep patterns, and
psychomotor retardation (American Psychiatric Association 2000). The costs at the
individual and societal levels of this disorder are profound: the lifetime prevalence
of major depression in the USA is approximately 17% (Kessler et al. 2005), and
depression is currently considered the leading cause of years of healthy life lost due
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to disability, or “time spent in less than full health” among both men and women
worldwide, as defined by the World Health Organization (WHO 2008). Women
are disproportionately at risk, with twice as many women affected as men (Kessler
et al. 2005). Despite this dire public health concern, current treatments have low
efficacy, and only one out of two patients who meet criteria for major depression is
expected to achieve remission (Huynh and MclIntyre 2008; Kennedy and Giacobbe
2007).

Recent neural models of emotion perception have implicated the amygdala, an-
terior cingulate cortex (ACC), and dorsal lateral prefrontal cortex (dIPFC) as core
regions of a neural network of identification and regulation of emotion (Phillips
et al. 2008). Functional and morphological alterations have been reported in all
three of these regions in mood disorders, and increased activation in the subgenual
ACC (sgACC), an anatomical subdivision of the ACC, and amygdala are frequently
reported in major depression (Mayberg et al. 1999; Siegle et al. 2007; Suslow et al.
2010). Within this neural network, several lines of evidence, from human postmor-
tem brains to molecular imaging studies in live subjects, suggest that the pathophys-
iology of major depression may involve altered gamma-aminobutyric acid (GABA)
and glutamate signaling. Specifically, disrupted information transfer and processing
at GABAergic and glutamatergic synapses in major depression may occur at several
points throughout the signaling process, from the movement of information (i.e.,
an excitatory signal) down a glutamatergic axon, to neurotransmitter release and
recycling at the synapse, and to postsynaptic modulation of transferred signal by
GABAergic inhibition. Here we review postmortem studies for specific cell types
(pyramidal and GABA neurons, astrocytes, and oligodendrocytes) and genes, which
together provide evidence for putative changes in glutamate and/or GABA structur-
al tripartite synapses, involving presynaptic neurons, postsynaptic targets, and as-
trocytic support. The nature of affected genes and cellular markers further suggests
that GABAergic signaling targeting distal dendrites of pyramidal neurons may be
more selectively and robustly affected in major depression. Implications of altered
dendritic GABAergic inhibition for corticolimbic information processing in major
depression and other brain disorders sharing similar pathologies are discussed. As-
pects of this chapter were presented in Sibille and French (2013Db).

13.2 Altered Components of the GABA Tripartite
Synapse in Major Depression

13.2.1 The GABA Structural Tripartite Synapse

Before discussing cellular findings from postmortem investigations in major de-
pression, we briefly review the major cell components and biochemical pathways
engaged in GABA homeostasis (Fig. 13.1). GABA is the principal neurotransmitter
responsible for neural inhibition and is present in approximately 20 % of all neurons
in the adult neocortex (Hendry et al. 1987; Sahara et al. 2012). In inhibitory neurons
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Fig. 13.1 Gamma-aminobutyric acid (GABA) and glutamate tripartite synapses. The top panel
represents synapses between an excitatory axonal terminal (fop) and a GABAergic inhibitory
terminal (middle; red) onto a pyramidal dendritic spine (bottom; black). Astrocytes (right and
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at a GABA synapse, the enzyme glutamic acid decarboxylase (GAD), found in
two forms, GAD65 and GADG67 (Erlander et al. 1991), synthesizes GABA through
decarboxylation of glutamate, which is then packaged into synaptic vesicles by the
vesicular GABA transporter (VGAT) (Fon and Edwards 2001). Upon release of
GABA from the synapse, the neurotransmitter acts at two main classes of recep-
tors: (i) the ionotropic GABA ,Rs, heteropentameric ligand-gated chloride channels
which mediate fast inhibitory actions of GABA, and (ii) the metabotropic GAB-
AgRs, G-protein coupled receptors that, on a slower time scale, modulate synaptic
transmission through second messenger systems. Termination of GABA transmis-
sion occurs when GABA transporters (GAT) on both GABAergic presynaptic ter-
minals and neighboring glia remove GABA from the synaptic cleft. While neurons
can recycle GABA by direct reuptake from the synaptic cleft, GABA is also metab-
olized in glial cells by GABA transaminase (GABA-T) to succinate, which enters
the TCA cycle and is converted to glutamate. This glutamate is further converted
by glutamine synthetase (GS) into glutamine, which is shuttled back to GABA neu-
rons. In GABA neurons, glutamine released by astrocytic system N transporters
(SNAT3) is taken by system A transporters (SNAT1/SNAT2) (Broer and Brookes
2001; Chaudhry et al. 2002), converted to glutamate by glutaminase (GLS), and to
GABA by GAD, as reviewed in Bak et al. (2006) and Owens and Kriegstein (2002).

left middle; blue) are present at both excitatory and inhibitory synapses, and myelination of the
excitatory axon by oligodendrocytes is shown (green spiral). In major depression, the integrity of
information transfer and processing could be compromised at several compartments (numbers cor-
respond to figure components): (1) Decreased oligodendrocyte support of axonal function leading
to suboptimal conduction of action potentials along the axon; (2) Disruption of synaptic transfer
of information, due to changes in the structure of pyramidal neurons and the availability of gluta-
mate; (3) Suboptimal modulation or “fine-tuning” of excitatory postsynaptic signals onto dendritic
spines due to reduced somatostatin (SS7)-positive GABAergic dendritic targeted inhibition; and
(4) Impaired astrocyte function resulting in altered extracellular neurotransmitter clearance, affect-
ing the GABA/glutamate balance and cycling.

Molecular correlates of the GABA tripartite synapse. The bottom panel is a close-up on the
GABA tripartite synapse. Genes whose products are associated with the presynaptic GABAergic
neuron (top, red) are listed. SST, neuropeptide Y (NPY), and cortistatin (CORT) encode for neuro-
peptide markers for a specific subset of dendritic-targeting inhibitory interneurons (see Fig. 13.2).
Glutamate decarboxylase 1 (GADI) and GAD?2 encode the 67- and 65-kDa forms of GAD, which
are responsible for synthesizing GABA from L-glutamic acid. SLC32A1 (vesicular GABA trans-
porter, VGAT) encodes for an integral membrane protein that packages GABA into synaptic ves-
icles for release into the synaptic cleft. SLC6A1 (GABA transporter 1; GATI) encodes a GABA
transporter that removes GABA from the synaptic cleft. Glutaminase (GLS) encodes glutaminase,
which generates glutamate from glutamine. GABAj, receptors are also found on the presynaptic
neuron. At the postsynaptic neuron (bottom), both GABA, and GABA, receptors are present,
exhibiting various subunit combinations. For astrocytes (b/ue), both aldehyde hydrogenase 1 fam-
ily, member L1 (ALDHILI) and glial fibrillary acidic protein (GFAP) can be used as markers.
Glutamate ammonia ligase (GLUL) encodes for the GS protein that is important for glutamate-
glutamine-GABA cycling; GS catalyzes synthesis of glutamine from glutamate. ABAT encodes
for the enzyme 4-aminobutyrate aminotransferase, which catabolizes GABA. SLC6A1 (GATI),
SLC6A13 (GAT2), and SLC6A11 (GAT3) all encode for various GABA transporters present in
astrocytes. Although GAT1 is primarily considered a neuronal GABA transporter, it is present on
some astrocytic processes. (Figure adapted from Sibille and French 2013b)
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13.2.2  Glial Pathology in Major Depression

Glial cells are nonneuronal cells of the adult brain, which provide support and
protection for neurons and are traditionally classified into three main groups: astro-
cytes, oligodendrocytes, and microglia. Observations of a 24 % decrease in mean
number of subgenual PFC glial cells in patients with familial major depression
provided early evidence for glial cell changes in depression (Ongur et al. 1998).
Reduced glial cell density was also observed in the dIPFC and ACC in depression
(Rajkowska et al. 1999; Cotter et al. 2001), alongside reports of low glial numbers
in the amygdala (Bowley et al. 2002). Although there are negative reports citing
no changes in glial cells in orbital frontal cortex (OFC) and dIPFC in late-life
depression (Khundakar et al. 2009, 2011), the majority of studies point towards
reductions in glial density and number in subjects with major depression. Techno-
logical challenges associated with isolating and identifying homogenous cell types
partially account for the absence of cell-specific findings in the earliest reports,
but more recent studies do distinguish between the glial classes. Evidence sug-
gesting astrocyte- and oligodendrocyte-specific pathologies in major depression is
discussed here.

13.2.3 Reduced Oligodendrocyte Structure and Numbers in
Major Depression

Oligodendrocytes ensheathe neurons with myelin and provide critical axonal in-
sulation to facilitate the conduction of electrical impulses and enable saltatory
conduction, together ensuring integrity of information transfer along axons. Using
morphological cell-type determination, it has been suggested that decreased glial
cell numbers in the amygdala and PFC may be attributed to a specific reduction in
oligodendrocytes (Hamidi et al. 2004; Uranova et al. 2004). Decreased oligoden-
drocytes have also been reported by flow cytometry, using fluorescently labeled
suspended nuclei from the frontopolar cortex in major depression (Hayashi et al.
2011). Although negative findings were reported in the ACC (Sibille et al. 2009)
and amygdala (Guilloux et al. 2012) in female subjects, a gene array study in the
amygdala of male subjects with major depression showed reduced expression of
numerous genes related to oligodendrocyte structure and function (Sibille et al.
2009), consistent with reduced transcripts in the parietal and prefrontal cortices in
other studies (Klempan et al. 2009; Kim and Webster 2010). Pathological oligo-
dendrocyte function may result in impaired communication and altered integrity of
neuronal information transfer in major depression (Edgar and Sibille 2012). This
hypothesis is grounded in the basis of the role of oligodendrocytes in facilitating
axonal conduction (Brodal 2010), and of specific dysregulation of genes coding for
proteins located at the nodes of Ranvier (Sibille et al. 2009), the site of functional in-
teraction between oligodendrocytes and neurons. Hence, altered conduction and/or
maintenance of axonal signaling integrity through altered oligodendrocyte structure
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and function may represent in some cases an early deregulated component (i.e.,
incoming information) contributing to altered information flow in major depression
(green spindles in Fig. 13.1).

13.2.4 Astrocyte-Related Findings in Major Depression

Divided into two primary categories, protoplasmic (found in gray matter) and fi-
brous (found in white matter), astrocytes are principally responsible for regulat-
ing the neuronal chemical environment, and play an important role in extracellular
clearance and recycling of neurotransmitters, including glutamate and GABA, as
discussed above (Brodal 2010). Controversial evidence also suggests a more ac-
tive role for astrocytes in neurotransmission than previously considered, as they
may release gliotransmitters, including glutamate, when depolarized (Araque et al.
1999). However, recent findings that Gq-coupled metabotropic receptors mediating
calcium influx (i.e., mGluR5) may not be expressed by adult human cortical astro-
cytes (Sun et al. 2013), indicate that the role of depolarization and calcium-trig-
gered neurotransmission of astrocytes may need to be revisited. Astrocyte-specific
investigations of glial pathology in major depression suggest cellular hypertrophy
in ACC white matter (Torres-Platas et al. 2011). In addition, decreases in GFAP, a
commonly used astrocytic marker, and in glutamate clearance transporters (EAAT],
EAAT?2) expressed in astrocytes have been observed in the PFC of subjects with
major depression (Miguel-Hidalgo et al. 2000; Si et al. 2004; Choudary et al. 2005;
Miguel-Hidalgo et al. 2010). In one study, GFAP levels between subjects with ma-
jor depression and controls under 60 years of age showed a tenfold reduction; in
contrast, no difference was seen between depressed subjects and controls over 60
years of age (Si et al. 2004). Astrocyte connexins 43 and 30, which mediate gap
junction-based direct communication between astrocytes, and also participate in as-
trocyte-oligodendrocyte junctions (Orthmann-Murphy et al. 2008), were observed
to have decreased expression in suicide victims with a range of psychiatric diag-
noses, including bipolar disorder, schizophrenia, and major depression (Ernst et al.
2011). Together, the current model for altered glutamate and GABA neurotrans-
mission in major depression includes the contribution of dysregulated astrocytic
neurotransmitter recycling and homeostasis (Valentine and Sanacora 2009; Oh et al.
2012) (blue cells in Fig. 13.1).

13.2.5 Altered Cortical Neuronal Structure and Function in
Major Depression

Several reviews have been published on the topic of morphological and cellular
changes in the context of depression (Hercher et al. 2009; Rajkowska 2003; Ra-
jkowska and Miguel-Hidalgo 2007). Using morphological techniques to investi-
gate changes in cell size and/or number, Rajkowska et al. have reported reduced
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density of neuronal cell bodies with large cell body size in cortical layers 2 through
5 of the OFC and in layers 2, 3, and 6 of the dIPFC in subjects with major depres-
sion (Rajkowska et al. 1999; Rajkowska 2000). These findings were concurrent
with increased density of neurons with small body size in layer 3 (OFC) and layers
3 and 6 (dIPFC). Decreased mean neuronal cell body size was also reported in lay-
ers 3 and 6 (dIPFC), layers 2 and 3 (OFC), and layer 6 (ACC) (Rajkowska et al.
1999; Cotter et al. 2001). Reduced neuronal size in layer 6 of the dIPFC (Cotter
et al. 2002b) and lower combined neuron density in both dorsal and frontal PFC
(Underwood et al. 2012) were confirmed in later studies. Although post hoc com-
parisons between controls and depressed subjects were not significant, one study
found the lowest density of pyramidal neurons in subjects with major depression
compared to two other psychiatric disorders (bipolar disorder, schizophrenia)
(Law and Harrison 2003). Interestingly, in elderly depressed subjects, reduced
pyramidal density in cortical layers 3 and 5 of the OFC (Rajkowska et al. 2005),
but not the dIPFC (Van Otterloo et al. 2009) was reported, potentially reflecting
a separate etiology for late-life depression in elderly patients. More recently, a
reduction in pyramidal neuron density was identified in layer 5b of the ACC in
a cohort of primarily older mood disorder subjects, of which five subjects were
diagnosed with major depression and two of whom suffered from bipolar disorder
(Gittins and Harrison 2011).

Despite earlier speculation that the reductions in neuronal density observed in
dIPFC involved glutamatergic pyramidal neurons (due to location of the reductions
in pyramidal layers), no difference in packing density of pyramidal neurons labeled
using NF200, a neurofilament protein marker, was observed between depressed and
control subjects (Miguel-Hidalgo et al. 2005). While the authors concluded that this
presented lack of evidence for neurofilament-related cytoskeleton deficiencies in
NF200 immunoreactive neurons in PFC circuitry in depression, it should be noted
that an earlier study using a variation of the same antibody (N200), found that even
with the three antibodies used to label subpopulations of pyramidal cells (FNPY,
SMI32, N200), at least half of all pyramidal neurons remained unlabeled (Law and
Harrison 2003).

Although it is unlikely that neuronal loss underlies these changes, it remains to
be resolved whether the decreased neuronal density reflects changes in neuropil or
dendritic complexity. Supporting the hypothesis of reduced dendritic complexity
in depression, a decrease in total dendritic length and somal areas was observed in
deep and superficial layer 3 in a cohort enriched in patients with major depression
(Yung et al. 2000). Reduced numbers of third-order basilar dendritic branches were
also reported in ACC layer 6 of depressed suicide victims using Golgi staining of
neuronal processes (Hercher et al. 2010). All together, despite evidence for reduced
density and dendritic length of pyramidal neurons, findings of potential pathologi-
cal changes in pyramidal cells in major depression are often subtle, depend on the
age of the subjects, are regionally specific, mixed, and are overall in need of further
confirmation in large cohorts.
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13.2.6 Glutamate Levels in Major Depression

In support of functional changes related to glutamatergic signaling in major depres-
sion, investigators have reported altered in vivo levels of glutamate and glutamate-
related metabolites in subjects with major depression using proton magnetic reso-
nance spectroscopy (‘H MRS). These studies frequently report their findings using
the term GIx, a measurement which primarily reflects glutamate and glutamine, but
does contain small contributions from other metabolites, including GABA (Valen-
tine and Sanacora 2009; Maddock and Buonocore 2012). Moreover, it is impor-
tant to keep in perspective that MRS findings do not reflect what is occurring at
the level of neurotransmission, as only a small part of these measurements reflect
synaptic levels and the majority of metabolites measured with 'H MRS are intracel-
lular (Sanacora et al. 2012). Nevertheless, diagnostic differences reported in these
studies suggest changes in neurotransmitter cycling and clearance, which may af-
fect GABA/glutamate homeostasis. As reviewed in Yuksel and Ongur (2010), MRS
studies have shown reduced Glx and/or glutamate concentrations across multiple
cortical and subcortical brain regions including ACC (Auer et al. 2000; Pfleiderer
etal. 2003; Zhang et al. 2012), PFC (Michael et al. 2003a; Hasler et al. 2007), amyg-
dala (Michael et al. 2003b), and hippocampus (Block et al. 2009). However, no dif-
ferences in hippocampus (Milne et al. 2009) and occipital cortex (Price et al. 2009)
and even increased glutamate levels have also been reported in the occipital cortex
(Sanacora et al. 2004), suggesting region-specific pathological effects, and oppos-
ing findings in frontal cortex and cingulate regions (reduced glutamate) versus oc-
cipital and parietal/occipital regions (increased glutamate) (Sanacora et al. 2012).
Notably, both glutamate (Zhang et al. 2012) and GlIx (Pfleiderer et al. 2003; Michael
et al. 2003a, b) have been shown to increase with electroconvulsive treatment.

13.2.7 Low GABA Levels and Reduced Markers of Dendritic-
Targeting GABA Neurons in Major Depression

GABA neurons can be divided into subpopulations not only based on diverse mor-
phology, but also on the calcium-binding proteins or neuropeptides that they ex-
press (Fig. 13.2). GABA neurons expressing SST, NPY, and CORT are known to
target and inhibit the distal dendrites of pyramidal neurons; whereas interneurons
expressing parvalbumin (PV) and cholecystokinin (CCK) target the cell body and
axon initial segment, and calretinin (CR)-expressing neurons target other GABA
neurons. Reduced density of GABA neurons immunoreactive for specific calcium-
binding proteins has been reported in the dIPFC in major depression (Rajkowska
et al. 2007), but see also Beasley et al. (2002) and Cotter et al. (2002a) for negative
findings in the dIPFC and ACC. In Rajkowska et al. (2007), the density of calbindin
(CB)-positive neurons was reduced by 50% in dIPFC, and no differences in PV-
positive neurons were observed. Reductions in the density of CB-positive neurons
were also reported in the occipital cortex (Maciag et al. 2010).



232 B. French et al.

1
2/3
w
| -
e
> 4
—
8
S 5
o
o
6

Fig. 13.2 GABA microcircuitry. GABA neurons expressing somatostatin (SS7), neuropeptide Y
(NPY), and cortistatin (CORT) target and inhibit the distal dendrites of pyramidal neurons (PYR);
whereas interneurons expressing parvalbumin (PV) and cholecystokinin (CCK) target the cell
body and axon initial segment, and calretinin (CR)-expressing neurons target other GABA neu-
rons. Evidence from human postmortem studies suggest that the subsets of GABA neurons that
selectively target the dendrites of pyramidal neurons (i.e., SST-, NPY-, and CORT-positive) are
affected in major depression, while evidence for changes in other GABA neuron subtypes are
fewer (i.e., PV) or mostly (i.e., CCK, CR) negative. (Figure adapted from Sibille 2013a)

Recently, our group has reported reduced SST, a modulatory neuropeptide, in the
dIPFC (Sibille et al. 2011), subgenual ACC (Tripp et al. 2011; Tripp et al. 2012),
and amygdala (Guilloux et al. 2012) of subjects with major depression. These find-
ings are consistent with previous studies, as SST is mostly expressed in CB-positive
cells in the cortex (Martel et al. 2012). Intriguingly, based on their common target
of distal dendrites of excitatory pyramidal neurons, NPY and CORT expression was
also lower in the sgACC and amygdala in subjects with major depression (Guil-
loux et al. 2012; Tripp et al. 2012). In contrast, CCK and CR were unaffected in the
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ACC and amygdala, and PV expression was lower in the ACC, but not the dIPFC
(Sibille et al. 2011; Tripp et al. 2012). Consistent with an elevated female vulner-
ability for major depression, analysis of these GABA interneuron markers strati-
fied by sex revealed more robust downregulation of SST in female subjects with
major depression in the subgenual ACC compared to males patients (Tripp et al.
2011, 2012). Additionally, SST was reduced in the amygdala of females (Guilloux
et al. 2012), but not males with major depression (Sibille et al. 2009). Interestingly,
control female subjects (i.e., not depressed) already displayed lower expression of
SST, CORT, and NPY, compared to male control subjects, suggesting that baseline
expression of these genes is already close to the low levels observed in depressed
subjects in female subjects. Reduced levels of GAD67, an enzyme responsible for
synthesis of GABA from glutamate, have not been consistently reported, but were
observed in some studies, including at the protein level in the dIPFC (Karolewicz
et al. 2010), and at the mRNA levels coding for both GAD65 and GAD67 in the
sgACC (Tripp et al. 2012). Adding another layer of complexity, expression profiles
of SST, NPY, and CORT also decrease with age in multiple brain regions (Erraji-
Benchekroun et al. 2005). For instance, SST levels are approximately 40—50 % low-
er at age 70 compared to age 20 (Erraji-Benchekroun et al. 2005; Tripp et al. 2011);
the age-related reduction in SST is present in both controls and subjects with major
depression, with depressed subjects consistently exhibiting lower levels across all
ages (Sibille et al. 2011; Tripp et al. 2011).

Notably, these cellular findings are consistent with reports of decreased GABA
concentration in major depression, as observed by '"H MRS or by transcranial mag-
netic stimulation occipital and frontal cortices (Hasler et al. 2007; Levinson et al.
2010; Gabbay et al. 2012; Hasler and Northoff 2011). Selective serotonin reuptake
inhibitors or electroconvulsive therapy reverse these changes (Sanacora et al. 2002,
2003). It has been suggested that the concentration of GABA in the ACC mediates
default-mode network negative responses during emotion processing by studies that
combine functional imaging and resting-state MRS (Northoff et al. 2007), and in-
terestingly, reduced GABA levels in the ACC correlate with measures of anhedonia
across depressed and control adolescents (Gabbay et al. 2012). These data provide
brain-based evidence in human subjects with major depression for the GABA hy-
pothesis of emotion dysregulation in depression (Brambilla et al. 2003; Luscher
et al. 2011), originally proposed in 1980 as a broader GABAergic dysfunction hy-
pothesis of affective disorders, based on the efficacy of sodium valproate, a GAB-
Aergic anticonvulsant, in treatment of mania (Emrich et al. 1980). This hypothesis
was supported by reports of low GABA levels in the plasma and cerebrospinal
fluid of depressed subjects (Gold et al. 1980; Petty and Schlesser 1981; Petty and
Sherman 1984; Gerner and Hare 1981), and later by the association between GAB-
Aergic transmission and control of stress, reviewed in Luscher et al. (2011), the ef-
fect of monoaminergic antidepressants on GABAergic transmission (Sanacora et al.
2002), and genetic manipulation studies in rodents (Earnheart et al. 2007).

The combined results from these studies provide supporting evidence for re-
duced GABA levels and for selective cellular changes potentially affecting neuro-
peptide- and/or GABA-related functions of the CB/SST-positive interneuron sub-
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type (red cells in Fig. 13.1), which in some studies paralleled the heightened female
vulnerability to suffer from depressive episodes. Together, these converging results
suggest that GABA neurons regulating dendritic inhibition may represent a “weak
link” within the biological module formed by the GABA tripartite synapse, which
is frequently affected in major depression and potentially moderated by age and sex.

13.2.8 GABA Receptors in Major Depression and Other Mood
Disorders

Deficits in GABA ,R-binding sites have been implicated by studies of benzodiaz-
epine receptor binding sites in various anxiety disorders, such as generalized anxi-
ety disorder (Tiihonen et al. 1997) and posttraumatic stress disorder (Bremner et al.
2000). An absence of alterations in benzodiazepine receptor binding was found in
depressed subjects (Kugaya et al. 2003); although microarray expression profiling
and analysis of gene expression by quantitative polymerase chain reaction (qPCR)
have reported altered expression and subunit composition of specific GABA ,R
subunits in depressed suicides and in major depression in various brain regions,
including among others, multiple areas of the frontal and motor cortices and in-
ferior temporal gyrus (Merali et al. 2004; Sequeira et al. 2009, 2007; Aston et al.
2005; Choudary et al. 2005; Klempan et al. 2009). In major depression, decreased
expression of the f2 and & subunits of the GABA, receptor has been reported by
microarray analysis in the middle temporal area (Brodmann area (BA) 21) (Aston
et al. 2005) and dIPFC (BA9/46) (Choudary et al. 2005), respectively, along with
increased expression of the B3 and y2 subunits in the dIPFC (BA9/46) (Choudary
et al. 2005). Reports of dysregulation in a number of GABA , receptors by microar-
ray analysis of the ACC and dIPFC in subjects with major depression were made in
conjunction with changes in glutamate receptor subunits, and lowered expression
of GS and glial glutamate transporters (EAAT1, EAAT?2) (Choudary et al. 2005). In
depressed suicides, decreased expression of the al, a3, and a4 subunits were found
by either qPCR or microarray in BA§, BA9, BA10, and BA24 (Merali et al. 2004;
Klempan et al. 2009; Sequeira et al. 2007); B1 was reported up in BA24 (Sequeira
et al. 2007, 2009), but down in BA46; B3 was reported increased in BA 6, 10, and
38 (Sequeira et al. 2009); 6 was up in BA6, BA44, and BA46 (Sequeira et al. 2009;
Klempan et al. 2009); decreased expression of y1 was found for BA 10, 21, and 46
(Merali et al. 2004; Sequeira et al. 2009; Klempan et al. 2009); y2 was found in-
creased in BA 20 (Sequeira et al. 2009; Klempan et al. 2009); and finally, decreases
in pl expression were found for BA21 and BA44 (Sequeira et al. 2009; Klempan
et al. 2009); as reviewed in (Luscher et al. 2011). Upregulation in expression of the
a5 subunit of the GABA, receptor, which is selective to dendritic branches, was
reported in bipolar disorder. Although one study reported an upregulation of the
a5 subunit in BA46 in major depression (Sequeira et al. 2009), these changes were
not evident in other studies, or elevated levels were restricted to depressed suicides
compared to suicide victims with no lifetime history of major depression (Klempan
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et al. 2009; Choudary et al. 2005). Alterations in GABA;, receptor subunits have
also been implicated in psychiatric disorders. For instance, upregulation in expres-
sion of GABBRI (GABAgR1) has been reported for bipolar disorder (Choudary
et al. 2005), and up-regulation in expression of GABBR2 (GABA,R2) has been
reported for depressed suicides (Klempan et al. 2009).

Altogether, reports of changes in the levels of GABA receptors in mood disor-
ders are complex, differ depending on the brain region investigated, and are not
consistently replicated across studies. This may reflect variable attempts to adapt
and/or compensate to deregulations in GABA signaling and local circuits, and the
limitations of postmortem studies to capture events that occur on time frame of
hours, as noted for adaptive changes in GABA receptors (Jacob et al. 2008). Further
studies are needed to characterize the role of changes in GABA receptors, including
of dynamic changes over time and more systematic investigation in cohorts with
equal representation of male and female subjects with major depression.

13.3 Implications of Altered GABA Function in Major
Depression

13.3.1 Summary of Postmortem Findings

Molecular and cellular evidence from postmortem studies, combined with imag-
ing data, suggest alterations in several components of the local cell circuitry in
major depression, which may affect GABA and glutamate homeostasis, including
changes to the structure and function of glutamatergic neurons, dendritic-targeting
GABAergic neurons, astrocytes, and oligodendrocytes. Based on the findings sum-
marized here, a speculative set of events contributing to dysregulated information
processing and transfer in depression may occur in corticolimbic circuits as follows
(Fig. 13.1): first, suboptimal conduction of action potentials along the axon could
be caused by decreased oligodendrocyte support, leading to decreased integrity of
information input or output. Second, changes in pyramidal neuron structure and
in the availability of glutamate could disrupt the synaptic transfer of information.
Third, reduced inhibition by dendritic targeting SST-positive GABA interneurons
may lead to suboptimal modulation of excitatory postsynaptic signals onto den-
dritic spines. Finally, impaired astrocyte function may cause altered extracellular
neurotransmitter clearance and recycling, which in turn may lead to an imbalance
in GABA and glutamate homeostasis within their respective tripartite synapses. Al-
though the situation in the diseased condition is more complex than proposed here,
disrupted information transfer may result from pathologies occurring in any of these
components. The glutamate component of this model is discussed elsewhere in this
book, and this chapter has focused primarily on evidence suggesting a robust de-
regulated GABA component, specifically affecting dendritic inhibition.
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13.3.2 GABA-Related Dendpritic Inhibition, as a Vulnerable
Biological Component of the Local Cell Circuitry
in Major Depression; Continuum with Other Brain
Disorders and Implications for Information Processing

The fact that the above-mentioned GABA-related findings were identified in cor-
ticolimbic brain regions suggests that these local circuit changes may affect the
function of several nodes within a critical neural network of mood regulation, po-
tentially resulting in altered sensing and processing of emotionally salient informa-
tion. Current models of emotion regulation identify the amygdala as critical for
sensing and assessing emotionally-salient stimuli, the dIPFC as one of the regions
responsible for top-down cognitive assessment of emotional salience, and the ACC
as the site of integration of information between bottom-up amygdala information
and top-down dIPFC control, together providing cognitive control over emotional
and motivational states (Phillips et al. 2008). Reduced GABA-mediated inhibition
may contribute to increased activity in respective brain areas, including increased
amygdala and/or sgACC activities, as frequently reported in major depression (Sur-
guladze et al. 2005; Fu et al. 2004). So, restoring GABA-mediated dendritic inhibi-
tory function may reduce pyramidal cell activation and excitatory tone, contributing
to reduced ACC activation with positive response to therapeutic intervention such
as deep brain stimulation, for instance (Mayberg et al. 2005).

At the local circuit level, the converging evidence points towards selective defi-
cits in the subtype of GABA neurons that targets the dendrites of excitatory gluta-
matergic neurons, whereas evidence for reduced markers of other GABA neuron
subtypes are sparse or negative. On the other hand, cortical inhibitory deficits are
frequent in other neuropsychiatric disorders, and alterations in SST levels have also
been identified in schizophrenia (Morris et al. 2008), bipolar disorder (Konradi
et al. 2004, 2010), and in Huntington’s (Timmers et al. 1996), Alzheimer’s (Davies
et al. 1980; Epelbaum et al. 2009), and Parkinson’s diseases (Epelbaum et al. 1989).
This could suggest the presence of intrinsic vulnerability factors within SST and
related GABA neurons, and that common biological insults may similarly affect this
cell population across several brain disorders. This dimensional perspective on dis-
ease pathology is more consistent with biological principles than with the categori-
cal definition of psychiatric syndromes, although the functional output of similar
pathologies may vary based on the biological context. For instance, the downstream
effects of reduced dendritic inhibition may depend on the presence of additional
pathological entities, such as robust downregulation of markers of soma-targeting
GABA neurons, i.e., PV-positive, in schizophrenia (Lewis and Sweet 2009), or the
presence of neurodegenerative processes in other neurological disorders. These
more complex inhibitory deficits, compared to evidence of more focused reductions
in markers of GABA neurons mediating dendritic inhibition in major depression,
may complicate the interpretation across disorders. Consequently, while the GABA
tripartite synapse may represent a vulnerable biological module in the brain and ac-
cordingly across brain disorders, it may not lead to a unique behavioral endopheno-



13 Altered GABA function in Major Depression 237

type across these disorders. In major depression, the observation that reduced SST
levels were more robust in female patients provides an interesting parallel with the
increased female vulnerability to depression, although this putative causal link will
need to be tested directly, potentially through the use of rodent models.

Etiological pathways leading to reduced markers of dendritic inhibition may
also vary across disorders. Brain-derived neurotrophic factor (BDNF), a necessary
trophic factor for SST and NPY expression (Glorioso et al. 2006), shows reduced
expression in neuropsychiatric disorders, such as depression, schizophrenia, and
bipolar disorder (Lu and Martinowich 2008; Rakofsky et al. 2012). Altered BDNF
signaling in major depression, as evidenced by reduced expression in amygdala
(Guilloux et al. 2012) and reduced receptor (TRKB) expression in the sgACC (Tripp
et al. 2012), is expected to impact SST expression. SST cells may also be particular-
ly vulnerable to oxidative stress due to their expression of neuronal nitric oxide syn-
thase (Jaglin et al. 2012). In schizophrenia, reduced SST levels occur more system-
atically in the context of reduced PV, suggestive of a role for etiological pathways
involving early developmental disturbances, such as deficits in transcription factors
known to regulate the ontogeny of both neuron subtypes (Volk et al. 2012). It is also
interesting to note that a recent report in the rodent cortex revealed that a small sub-
set of SST-positive GABA neurons differs from the traditional dendritic targeting
model, and in fact disinhibits layer 4 neurons, through the targeted inhibition of PV-
positive GABA neurons in that layer (Xu et al. 2013). If confirmed in other cortical
areas and across species, the implication of this finding could be of opposing effects
of low SST-positive GABA neuron function on excitatory neurons (i.e., less inhibi-
tion in layers 2 and 5, less disinhibition in layer 4). This would also indicate that an
even downregulation across cortical layers in major depression (Tripp and Sibille,
unpublished report) may reflect the presence of common upstream causal factors,
rather than compensatory mechanisms to maintain local circuit homeostasis across
cortical layers which could take complex patterns, together consistent with a model
of SST-positive GABA neuron subtype intrinsic vulnerabilities.

13.4 Conclusion, Future Directions

How does the framework of the tripartite synapse, informed by a robust identifica-
tion of reduced GABA-mediated inhibition in major depression, enable us to move
forward in uncovering the pathophysiology of major depression? The evidence re-
viewed above suggests that a dimensional approach considering the biological mod-
ules of the glutamate and GABA tripartite synapses (Fig. 13.1) and their subcellular
targeted components (Fig. 13.2; e.g., dendritic versus perisomatic) may contribute
to the identification of biological vulnerabilities (i.e., weak links) in major depres-
sion that will also have implications across several brain-related disorders. Further
molecular characterization of the primary cellular pathology in the human post-
mortem brain of patients and control subjects is needed; for example, by using a
combination of laser capture microscopy with gene expression panels and targeted
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proteomic approaches for groups of genes and gene products related to the gluta-
mate, GABA, and astrocyte components of local circuit modules (Fig. 13.1). Imag-
ing genetics for panels of genetic variants corresponding to these local circuit com-
ponents may serve to bridge those basic cellular and gene studies with functional
outcomes to systematically assess specificities and/or continuum between putative
cellular pathologies and symptom dimensions in major depression and across other
categorically defined neuropsychiatric disorders.
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