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CHAPTER 1
GENERAL INTRODUCTION

Introduction, scope and outline

When an individual is confronted with a threat or disturbance of its homeostasis,
either real or perceived as such, his or her body and brain will respond and
generally mount a stress response. This typically involves a variety of coordinated
behavioural, bodily and hormonal responses that, working together, help the
individual to adapt and cope with the aversive circumstance. When the stress
response is not controlled, however, adaptation fails and the risk of developing
psychopathology increases.
In line with this, an exaggerated response of the stress systems of the brain is
commonly observed in both mood disorders and suicide (Bao et al., 2012; Lutz
et al., 2017). The hypothalamus-pituitary-adrenal (HPA) system plays a central
role in these disorders and tends to show an exaggerated stress response in these
disorders (Bao et al., 2008; Pandey, 2013; Turecki et al., 2012; Turecki and Meaney,
2016). In terms of its regulation, the HPA axis receives mostly inhibitory input
from the hippocampus and the prefrontal cortex (PFC) (Narushima et al., 2003;
Ongur and Price, 2000).

STRESS SYSTEM
As pointed out for the first time by Hans Selye in Nature in 1936 (Szabo, 1998),
stress or "noxious agents" initiate a reaction in the body that he called the "general
adaptation syndrome" (GAS). Selye distinguished three stages when responding to
stress: 1) the first stage is an "alarm reaction", in which the body prepares itself for
"fight or flight"; 2) the second stage (provided the organism survives the first stage)
involves adaptation and is one in which a resistance to stress is built; and 3) finally,
if the duration of the stress is sufficiently long, the body experiences a sort of aging
due to "wear and tear", which may lead to a state of exhaustion (Szabo, 1998).
An acute stress response is generally beneficial, as it prepares the body and
brain for potential danger. It is directed to maintain homeostasis and allows
the individual to adapt to the stressor. However, a prolonged and/or chronic
activation of the stress system involves long term exposure to glucocorticoid
hormones that can have hazardous and deleterious effects on the body and, e.g.,
increase the risk of obesity, heart disease and a variety of other peripheral illnesses.
Furthermore, chronic stress is notorious for increasing the risk of stress-related
psychopathologies, such as major depression and other mood disorders (Tsigos
and Chrousos, 2002).
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HPA axis
The HPA axis is an important hub in mediating the stress response. Briefly, in
response to a stressor, the paraventricular nucleus (PVN) of the hypothalamus
releases corticotropin-releasing hormone (CRH), which acts on the pituitary gland
and triggers the release of adrenocorticotropin (ACTH) into the bloodstream,
which subsequently causes the hormonal end-product of the HPA axis, a
corticosteroid (mainly cortisol in humans and corticosterone in rat and mice), to
be released from the adrenal cortex. Cortisol is a powerful steroid hormone that
prepares the body and brain for a flight or fight response, e.g. by focusing attention,
increasing blood sugar levels, redistributing blood flow, suppressing the immune
system, and altering the metabolism of fat, protein and carbohydrates. Notably, in
addition to its peripheral effects, cortisol gives negative feedback to shut down the
stress response after the threat has passed. It does so by activating the pituitary and
hypothalamus and binding to two types of receptors, i.e. the mineralocorticoid
receptor (MR) and the glucocorticoid receptor (GR) (Bao et al., 2008; de Kloet,
2014) which inhibit a reduction in CRH production.
The activity of HPA axis can further be modulated by other factors, such as
the CRH receptors, by means of which CRHR1 stimulates CRH production (Karl
et al., 2005; Muller and Wurst, 2004), whereas CRHR2 opposes this action. There
are also opposite effects of MR and GR receptor activation (Muller and Wurst,
2004) and androgens and oestrogens affect the activity of the hypothalamic PVN
in different ways (Bao et al., 2008; Wang et al., 2008). The ACTH-releasing effect of
CRH on the pituitary is strongly potentiated by vasopressin (AVP) (Aguilera and
Rabadan-Diehl, 2000; Gillies et al., 1982; Rivier and Vale, 1983), while inhibiting
effects exist as well, such as the oxytocin (OXT) effect on ACTH release, which have
been confirmed in various species (Legros, 2001). Furthermore, CRH neurons
also project to other brain regions, and CRH in the PVN may thereby e.g. also
affect mood through their direct central projections and/or through enhancing
circulating levels of cortisol (Bao et al., 2005; Raadsheer et al., 1995),

Prefrontal cortex (PFC)
Anatomy
The PFC is the part of the frontal cortex that is situated in front of the motor and
premotor areas. The PFC is not a homogeneous structure, but can be subdivided
into many different regions, according to their functional specialization,
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cytoarchitecture and connectivity. There are four possible ways to define the PFC:
1)
As the "granular" frontal cortex
The PFC has been defined based on its distinct cytoarchitecture, by, e.g., the
presence of a granular layer IV. The main problem with this definition is that
it works well, but only in primates and not in non-primates, as the latter lack a
granular layer IV (Uylings et al., 2003).
2)
As the projection zone of the mediodorsal nucleus of the thalamus
To define the PFC as the projection zone of the mediodorsal nucleus of the thalamus
builds on the work of Rose and Woolsey, who showed that this nucleus projects to
anterior and ventral parts of the brain in non-primates (Rose and Woolsey, 1948).
The advantage of this is that the homologies between primates and non-primates
(lack of a granular frontal cortex) can be established. The definition of the PFC
based upon mediodorsal nucleus projection is still widely accepted (Fuster, 2008;
Mitchell and Chakraborty, 2013).
3)
As cortex whose electrical stimulation does not evoke movements
A third definition of the PFC is the area of the frontal cortex whose electrical
stimulation does not lead to observable movements. However, the electrically
“silent” frontal cortex includes both granular and non-granular areas which can
be a complication.
4)
As the part of the frontal lobe that is densely innervated by dopamine
In rodents, the PFC receives an exceptionally dense dopaminergic innervation
in comparison with other cortical areas (Beckstead, 1976; Divac et al., 1978).
Furthermore, evidence for an extensive dopaminergic innervation of the primate
and human PFC has been reported (Bjorklund et al., 1978; Gaspar et al., 1989).
While these different definitions show general agreement in the definition and
location of a number of frontal areas, some areas differ markedly among the various
maps. Neuroscientists have tended to rely almost exclusively on Brodmann’s area
(BAs) to localize prefrontal (and other) areas in the human brain. In the present
thesis, we followed the definition of the PFC of Nieuwenhuys (Nieuwenhuys, 1978).
The frontal cortex can be divided into two large functional domains; the motor
cortex and the PFC. The motor cortex is situated in front of the central sulcus
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and extends over the lateral and medial surface of the hemisphere(Nieuwenhuys,
1978).
The PFC occupies the large region that lies rostral to the precentral motor
cortex. The PFC can be divided into three major regions: lateral, medial and
orbital. Based upon the BAs brain map, the lateral PFC encompasses BAs 8, 9, 46,
10 and 47, the orbital PFC has been subdivided into two BAs, 11 and 47, and apart
from medially extending portions of BAs 9, 10, the medial PFC includes BAs 24,
32 and 25 (Nieuwenhuys, 1978). It should be noted that the Brodmann areas vary
widely between individuals (Uylings et al., 2005).

Figure 1 Prefrontal cortex (PFC) marked in colour in the left cerebral hemisphere. Subdivision according
to Brodmann, lateral (left) and medial (right) views. The PFC is divided into the lateral PFC (red), orbital
PFC (blue) and medial PFC (purple).

Physiology
The PFC, a collection of interconnected neocortical areas, sends and receives
projections from virtually all cortical sensory systems, motor systems, and
many subcortical structures. Primary functions of the PFC involve planning,
and inhibiting a person’s response to complex and difficult problems. It acts as
an “executor” for the decision-making process, integrating past events to present
experiences and allow the individual to make the best choices. The PFC is also
believed to detect conflict and to perform "cognitive control" operations that
regulate the flow of information during challenging non-routine situations
(Botvinick et al., 2001). Moreover, major PFC territories are involved in emotion
- these include the anterior cingulate cortex (ACC; BA24, 32, 33), in particular the
anterior and subgenual sites (Nieuwenhuys, 1978).
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Interaction of HPA axis and PFC
Anatomical level
The bi-directional connections between the hypothalamus and PFC have been
reviewed in different species (Saper, 2000). In rhesus monkey, the orbital, medial
and lateral PFC receive projections from the hypothalamus. Injections of retrograde
tracers in the lateral PFC areas labelled neurons in the lateral and medial posterior
hypothalamus (Barbas and Rempel-Clower, 1997). In contrast, injections in the
orbitofrontal and medial limbic cortices labelled neurons in the anterior and
tuberal regions of the hypothalamus and in the posterior region (Rempel-Clower
and Barbas, 1998). In Macaque monkey almost all of the prefrontal cortical
projections to the hypothalamus arise from the medial prefrontal network; within
the medial PFC, different regions project to different parts of the hypothalamus.
The medial wall areas 25 and 32 (respectively the subgenual cingulate cortex
and ACC) send the heaviest projections to the hypothalamus; axons from these
areas are especially concentrated in the anterior hypothalamic area and the
ventromedial hypothalamic nucleus (Ongur et al., 1998). The cellular regions of
the paraventricular, supraoptic, suprachiasmatic, arcuate and mamillary nuclei are
conspicuously devoid of cortical axons, but many axons abound the borders of
these nuclei and may contact dendrites that extend from them (Ongur et al., 1998).
Another study also showed that, in the monkey PFC, descending pathways from
orbitofrontal and medial PFC, which are also linked with the amygdala, provide
both stimulatory and inhibitory influences on the autonomic system related to
emotional regulation (Barbas et al., 2003).
Feedback inhibition mediated by corticosteroids
The PFC inhibits corticotropin-releasing hormone (CRH) release in the PVN
and animal experiments have shown, for instance, that PFC lesions result in an
activation of the HPA axis (Diorio et al., 1993). A crucial involvement of the PFC
in the regulation of mood is further apparent from studies in stroke patients, where
a significant negative correlation was found between the severity of post-stroke
depression and the distance between brain injury and the frontal pole (Narushima
et al., 2003). Moreover, there are receptors for both glucocorticoids and CRH in
the PFC, and both these stress-related compounds are increased in depression
(Raadsheer et al., 1994; Raadsheer et al., 1995; Wang et al., 2008). On the other
hand, hypercortisolism, which occurs in MDD and BD patients, will also inhibit
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PFC activity and together these two effects might even reinforce each other (Bao
et al., 2008). In mood disorders and Alzheimer’s disease (AD), the interaction
between the PFC and the HPA axis therefore seems to be of crucial importance.
Inhibition of PFC activity in AD will cause a chronic rise of CRH and cortisol
levels that produce mood changes through their action on the brain (Gao and Bao,
2011; Herbert and Lucassen, 2016).

Figure 2 Pathogenetic hypothesis on the relationship between extra-hypothalamic (e.g., the prefrontal
cortex, PFC) and hypothalamic changes.
→ : stimulate
−●: inhibition
The thickness of the lines indicates the strength of the effects (Based upon Bao et al., 2012).

Several studies further show that hypofrontality correlates with disease severity
in both major depressive disorder (MDD) and bipolar disorder (BD) (Bao et al.,
2008; Galynker et al., 1998). Also, imaging studies have revealed differential patterns
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of neural activity between MDD patients with suicide attempt history and MDD
patients per se (Pan et al., 2011). A recent study showed that the reduced frontosubcortical circuit of structural connectivity, which includes regions associated
with executive function and impulsivity, appears to have a role in the emergence
of suicidal ideation in MDD patients (Myung et al., 2016). Also, it was reported
that conflict-related anterior cingulate functional connectivity is associated with
past suicidal ideation and behaviour in recent-onset psychotic MDD (Minzenberg
et al., 2016). BD patients further exhibit a pronounced impairment in a number
of tasks mediated by the PFC (Zihl et al., 1998). Furthermore, in both MDD and
BD, glucose metabolism is strongly reduced in the dorsolateral PFC (DLPFC) and
ACC (Price and Drevets., 2010). In addition, a reduction of grey matter volume
has been reported in the DLPFC in both MDD and BD, which was found at
postmortem follow-up to be accompanied by reductions in density and size in
neurons and glial cells (Price and Drevets., 2010; Rajkowska et al., 1999; Rajkowska
et al., 2001). Finally, transcranial magnetic stimulation (TMS) and electrical deep
brain stimulation, when applied to the PFC, have been shown to be effective in
the treatment of refractory depressive patients (Burt et al., 2002; Temel and Lim,
2013). Furthermore, during TMS treatment of depression there are several regions
that subsequently increased in volume, and the increases in the ACC with TMS
correlated with improvement in depression severity. (Lan et al., 2016).

MOOD DISORDERS
Clinical features and epidemiology
In general Diagnostic and Statistical Manual for Mental Disorders (DSM) terms,
mood disorders include: MDD, BD (periods of depression and mania - euphoric,
hyperactive, over-inflated ego, unrealistic optimism), persistent depressive
disorder (long-lasting, low-grade depression), cyclothymia (a mild form of bipolar
disorder), and seasonal affective disorder. The life-time prevalence of MDD is
estimated to be 16% (Kessler et al., 2003), while the prevalence estimate for BD
is 4.4% (Merikangas et al., 2007). According to the DSM Ш-R (APA, 1987) and
DSM IV (APA, 1995), which were used for the diagnosis in the present thesis,
the essential feature of MDD is a severely depressed mood or loss of interest or
pleasure in almost all activities that, together with associated symptoms, should
be present for a period of at least two weeks. The associated symptoms, 5 of which
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should be present during the disorder, include appetite disturbance, change in
weight, sleep disturbance, psychomotor agitation or retardation, decreased energy,
feelings of worthlessness or excessive or inappropriate guilt, difficulty in thinking
or concentrating, and recurrent thoughts of death, or suicidal ideation.

Risk factors involved in mood disorders
Several risk factors have been identified for mood disorders. Female gender, age,
polymorphisms in genes for the glucocorticoid or mineralocorticoid receptor, the
presence of a CRH1 and CRH2 receptor, but also having been abused as a child and
early maternal separation are risk factors for later depression. Stressful life events,
often in combination with specific genetic risk factors, may trigger depression in
vulnerable individuals (Bao et al., 2008).
In addition, several hormonal factors may be involved in the risk for depression.
Oestrogens e.g. stimulate CRH transcription, whereas androgens inhibit this
process. This may explain why the prevalence of MDD is twice as high in females
as in males (Bao and Swaab, 2007). Also, prenatal environmental stressors such as
nicotine exposure due to smoking of the pregnant mother, may sensitize a subject
for developing depression in later life, especially children who were either too
light or too heavy at birth (Clark et al., 1996; Clark, 1998). A small size at birth
is associated with an alteration in the set-point of the HPA axis and an increased
cortisol responsiveness and risk of MDD in adulthood (Thompson et al., 2001).
Studies have also shown that MDD is commonly observed after stroke (Narushima
et al., 2003) and in hypertension (Everson et al., 2000), where the CRH neurons
are strongly activated (Goncharuk et al., 2007).

SUICIDE
Suicide is a serious public health concern worldwide. According to the World
Health Organization, every year there are about 800 000 persons die due to suicide
worldwide. Risk factors for suicide can be categorized as distal and proximal factors
(Hawton and van Heeringen, 2009; Lutz et al., 2017; Turecki et al., 2012). Distal
risk factors include a family history of suicide and genetic load, early life adversities
and epigenetic modifications, personality traits and cognitive styles (Hawton and
van Heeringen, 2009; Turecki et al., 2012). Proximal risk factors are represented by
conditions that act as precipitants: e.g. the existence of psychiatric and/or physical
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disorders, a psychosocial crisis, recent life events conferring acute stress and/or
the availability of (financial) means (Hawton and van Heeringen, 2009; Turecki et
al., 2012). A number of socio-demographic factors, such as gender, age, education,
religious and spiritual beliefs, family structure, employment and income, social
support, and quality of social environment (Qin et al., 2003) are moderators of the
relationship between distal and proximal risk factors (Turecki et al., 2012). Based
on evidence from numerous empirical studies, over 90% of suicide victims present
with a diagnosable psychiatric illness (Singhal et al., 2014; Wasserman et al., 2012;
Whiteford et al., 2013).
While postmortem studies in mood disorders and suicide victims allow a direct
investigation of neurotransmitters and related molecules, such as neurotransmitter
transporters and receptors, the results in the literature are often inconsistent,
which is why the exact molecular mechanisms underlying the aetiology and
pathophysiology of mood disorders and suicide have so far remained obscure.
Notably, although a large proportion of suicides occur in mood disorder sufferers,
a specific proportion of these patients have never shown any suicidal behaviour
and have never attempted suicide. Furthermore, a family history of suicide
is thought to be partially independent from the familial clustering of mental
disorders (Qin et al., 2002). These observations suggest that suicide is probably
not the outcome of the psychiatric disease, but rather a disorder in itself (Aleman
and Denys, 2014). However, in the available postmortem studies, most depression
research was carried out in mood disorder patients who died due to suicide and,
so far, little attention has been paid to the comparison of mood disorders with and
without suicide separately (see Chapter 2) and it is thus often not clear whether the
changes found are characteristic for mood disorders or for suicide.

NEUROTRANSMITTERS AND THEIR RECEPTORS IN
THE PFC
The HPA axis is innervated and regulated by a large number of neurotransmitter
systems (monoamines, amino acids, acetylcholine and neuropeptides) that all
are altered in mood disorders. Here, we give a very brief introduction on these
neurotransmitters and neuromodulators in general, and then focus on GABA and
glutamate, NOS, retinoic acid and BDNF.
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Neuropeptides
Several studies imply that (hypothalamic) neuropeptides such as CRH, AVP
and OXT do not only play an important role in the integration of endocrine,
autonomic, and higher brain functions, but also contribute to the signs and
symptoms of depression (Bao et al., 2008). Intracerebral injection of CRH in
the rodent brain induces, e.g., behavioural depressive symptoms and increased
anxiety (Holsboer, 2001). Furthermore, a part of the parvocellular neurons in the
PVN secrete both CRH and AVP as neurohormone. AVP strongly potentiates the
ACTH-releasing activity and, eventually, the production of corticosteroids from
the adrenal glands (Engelmann et al., 2004), therefore, AVP has a close interaction
with CRH in stimulating HPA axis activity. Unlike AVP, OXT was found to inhibit
basal HPA axis activity and to attenuate the stress-induced activity of the HPA axis
in various species, including humans (Legros, 2001). Activation of OXT neurons
has also been found in mood disorders and has been presumed to be related to
decreased appetite and weight loss in this disease, due to the central effects of
this neuropeptide as a satiety factor (Dai et al., 2017; Gimpl and Fahrenholz,
2001; Meynen et al., 2007a; Purba et al., 1996). Enhanced OXT production in the
PVN was especially found in postmortem material of melancholic MDD patients
(Meynen et al., 2007a). It should be noted that, since neuropeptides such as OXT,
AVP and CRH can be secreted into the circulation, but are also expressed in a wide
variety of brain areas, measuring peripheral circulating hormonal alterations does
not necessarily give information on their central effect.

Monoamines
Serotonin (5-HT)
The 5-HT system has been the most widely investigated neuromodulatory system
in suicide and depression studies (Pandey, 2013; Pompili et al., 2010). The idea of a
dysfunction in 5-HT transmission leading to depressed mood, and possibly suicide,
emerged from the clinical benefits of selective serotonin reuptake inhibitors, the
most commonly used antidepressants that act on serotonergic neurotransmission,
and from studies where CSF-5HIAA was found to be correlated with depression
and suicide (Asberg et al., 1976; Traskman-Bendz et al., 1989).
The dense 5-HT innervation pervading all brain regions originate exclusively
from neurons located in the brainstem’s raphe nuclei. Mann and colleagues
reported a decrease of serotonin binding sites in the PFC (Mann et al., 1996) and
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ventrolateral PFC (Arango et al., 1995) of suicide victims. Although these data
were not consistently reproduced by others (Bligh-Glover et al., 2000; Hrdina et
al., 1993), serotonin transporter immunocytochemistry has supported the notion
of a decreased density of 5-HT innervation in the PFC (Austin et al., 2002). There
is one study also showing that, during the chronic citalopram treatment, the
dopamine-related stress response was preferentially controlled by an upregulation
of 5-HT1A receptor signalling, particularly in the PFC (Kaneko et al., 2016).
Increased prefrontal 5-HT2 receptors was reported (Hrdina et al., 1993), but this
was not replicated by others (Cheetham et al., 1988; Lowther et al., 1997). However,
by using a larger sample, no differences between groups were observed in 5-HT2
receptors in the cortex (Lowther et al., 1994). Microarray expression studies offer
the possibility to assess transcription levels of most known genes and 5-HT related
genes can also be assessed in this way. A number of microarray studies in the
human frontal cortex have been done for both suicide and MDD (Sequeira et al.,
2012; Tochigi et al., 2008), but most failed to find serotonergic gene expression
differences between suicide and controls (Ernst et al., 2009). There are families
in which SNPs in the 5-HT transporter are related to the risk for mood disorder,
but this concerns only a small minority of patients (Kiyohara and Yoshiimasu,
2009). In addition, the serotonin levels in the brain go up on the days when SSRIs
are given, whereas it takes week for mood to improve (Bao et al., 2012). These
observations do not support the concept that for most cases the 5-HT system is the
primary cause of mood disorders.

DA
The major dopaminergic innervation of the brain originates from the ventral
tegmental area and substantia nigra in the mesencephalon. To date, there is
little evidence to implicate (changes in) dopaminergic transmission in suicide.
Measurements of dopamine concentrations in suicide versus matched control
subjects did not reveal any significant difference between groups (Allard and
Norlen, 2001). However, it is known that dopamine can regulate the stress system
and that stress exposure combined with elevated levels of glucocorticoids does
enhance dopamine release (Dunn, 1988; Piazza and Le Moal, 1996; Rouge-Pont
et al., 1998; Thierry et al., 1976). Dopamine release in the nucleus accumbens is
disturbed in MDD patients and seems to be related to anhedonia (Pizzagalli et
al., 2009; Willner et al., 1992). The impaired PFC-dependent working memory
after acute stress (Arnsten, 2007; Srikumar et al., 2007) is probably mediated by
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an excessive release of dopamine in the PFC (Arnsten and Goldman-Rakic, 1998;
Arnsten et al., 2000; Morrow et al., 2000). Furthermore, an animal study indicates
that hyperactivation of dopamine D1 receptors may mediate stress-induced
deficits of emotional learning and memory (Wang et al., 2012).

Adrenaline and noradrenaline
Adrenaline and noradrenaline are two separate but related hormones, secreted
by the medulla of the adrenal glands, while noradrenaline is also synthesized in
the brain. Adrenergic transmission has been hypothesized to play a role in mood
disorder and suicide (Lipinski et al., 1987; Maletic et al., 2017), and there are studies
that examined a relation between the morphological features of the locus coeruleus,
the small adrenergic nucleus located in the brainstem, and suicide (Gos et al., 2008;
Poulter et al., 2010; Roy et al., 2017). Furthermore, extensive attention has gone to
adrenaline and noradrenaline receptors: a system also known to interact with the
stress response through a feed-forward mechanism. In the CNS, the metabotropic
adrenergic receptors are subdivided into α- and β-subtypes (Hein, 2006). The α2adrenergic receptors have received the most attention with regard to suicide and
depression. Several studies have reported increases in α2-adrenergic receptor in
the hypothalamus and frontal cortex of depressed suicides compared to matched
controls (Escriba et al., 2004; Garcia-Sevilla et al., 1999), but not in all of them
(De Paermentier et al., 1997; Gross-Isseroff et al., 2000). Furthermore, one study
showed that abnormal α2-adrenergic receptor signalling pathways are involved
in the pathogenesis of depression (Valdizan et al., 2010), and are critical for the
antidepressant-like effects of desipramine (Zhang et al., 2009).

Glutamate and gamma-aminobutyric acid (GABA)
Glutamate and GABA are, respectively, the main excitatory and inhibitory
neurotransmitters in the mature brain. As a rule of thumb, glutamate is mainly
synthesized by projection neurons, whereas GABA is the fast-acting transmitter
used mainly by interneurons. Glutamine is a core requirement for the synthesis of
both glutamate and GABA. In nerve terminals, the enzyme glutaminase converts
glutamine to glutamate, and the latter can be used for the synthesis of GABA via
the enzymatic actions of glutamic acid decarboxylase. In glial cells, glutamine
synthetase is the enzyme required to synthesize glutamine from the re-uptake
of either glutamate or GABA (Weiler et al., 1979). Recently, more and more
evidence has been accumulating about the importance of the role that amino acid
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neurotransmitters may play in the pathogenesis of mood disorders. In most cases,
the GABA levels in the cerebral cortex, plasma and CSF are lower than normal in
depressed patients (Gao and Bao, 2011). Two pharmacological and molecularly
distinct GABA receptors have been identified, i.e. the GABA-A receptor and
GABA-B receptor. Whereas the GABA-A site is a pentameric, ligand-gated ion
channel, the GABA-B receptor is a G-protein-coupled heterodimer. A reduced
density of GABAergic neurons was found in the postmortem ACC of BD patients
and in the DLPFC of MDD patients (Cotter et al., 2002b; Rajkowska et al., 2007).
There is now evidence for widespread alterations in the expression of GABA-A
receptors, or GABA receptor-associated binding proteins, in suicide victims
with major depression (Sequeira et al., 2009), especially in the PFC (Merali et al.,
2004; Sequeira et al., 2007; Sequeira et al., 2009). Two major classes of glutamate
receptors exist: ionotropic glutamate receptors (NMDA, AMPA, kainate receptors)
and metabotropic glutamate receptors (mGluR1-8), located on the membranes of
both postsynaptic and presynaptic neurons and glial cells. AMPA receptors are
composed of 4 subunits (GluR1-4, Wisden and Seeburg, 1993), whereas NMDA
receptors are tetramers composed of two NR1 receptors and two NR2A, NR2B,
NR2C, or NR2D subunits (Wenthold et al., 2003). The family of metabotropic
receptors comprises mGluR1-mGluR8 (Duvoisin et al., 2005).
GABAergic and glutamatergic pathways are significantly altered in the PFC,
as was extensively studied in depressed patients, the majority of which died due
to suicide (Choudary et al., 2005; Cotter et al., 2002a; Cryan and Kaupmann,
2005; Guidotti et al., 2000; Krystal et al., 2002; Rajkowska et al., 2007). In living
patients, an increased glutamate content has been reported in BD in both the ACC
and DLPFC compared to healthy control subjects (Frye et al., 2007; Lan et al.,
2009), while reduced gene expression of NMDA receptor subunits NR1 and NR2A
was found in the DLPFC of depressed patients (Beneyto and Meador-Woodruff,
2008). On the other hand, several microarray-based investigations have shown
indications for strong GABAergic and glutamatergic dysfunction when comparing
suicide victims with and without major depressive disorder (MDD) (Choudary et
al., 2005; Klempan et al., 2009; Merali et al., 2004; Sequeira et al., 2007; Sequeira
et al., 2009).

Glutamate-Glutamine cycle
Glutamate is synthesized de novo from glucose and from glutamine (Gln)
supplied by glial cells. After their synaptic release, glutamate is cleared from
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the synapse through excitatory amino acid transporters (EAATs) located on
neighbouring glial cells (EAAT1 and EAAT2) and, to a lesser extent, on neurons
(EAAT3 and EAAT4). Within the glial cell, glutamate is converted to glutamine
by glutamine synthetase, and the glutamine is subsequently released by System N
transporters and taken up by neurons through System A sodium-coupled amino
acid transporters, to complete the glutamate–glutamine cycle (Rose et al., 2013;
Zhou and Danbolt, 2014).
Studies published over a decade ago show the potential contributions of glial
cell pathology to stress-related psychiatric disorders such as MDD and BD. For
example, PFC regions of postmortem brain samples from individuals suffering from
mood disorders have marked reductions in glial cell numbers and density (Cotter
et al., 2002b; Lucassen et al., 2014; Ongur et al., 2008; Rajkowska and MiguelHidalgo, 2007). Depressed subjects also show reduced glial fibrillary acidic protein
(GFAP) - the main intermediate filament protein in mature astrocytes - in the PFC
(Miguel-Hidalgo et al., 2000; Miguel-Hidalgo et al., 2010; Webster et al., 2001). As
glial cells have a central role in amino acid neurotransmitter metabolism, these
findings - which are suggestive of glial cell pathology - were rapidly associated
with emerging reports of abnormal GABA and glutamate content in depressed
patients (Sanacora et al., 1999; Sanacora et al., 2004).

NO
Recent studies have pointed to a significant role of nitric oxide (NO) in the
pathogenesis of mood disorder and suicide. NO is an unconventional, gaseous
neurotransmitter that is not stored in vesicles and does not mediate its action
by binding to membrane associated receptors, but diffuses from one neuron to
another and acts directly on intracellular components. NO is synthesized from
L-arginine by at least 3 subtypes of NO synthase (NOS), i.e. NOS1 (also known as
neuronal NOS, nNOS), NOS2 (inducible NOS or iNOS), and NOS3 (endothelial
NOS or eNOS; (Griffith and Stuehr, 1995). NOS1 is present in human brain
structures such as the neocortex, hippocampus, and cerebellum (Egberongbe et
al., 1994). NOS2 and NOS3 are expressed in the human brain as well (Broholm et
al., 2003; Vodovotz et al., 1996).
In the human cortex, NOS1 is found in both glutamatergic pyramidal cells and
GABAergic interneurons (Judas et al., 1999; Kwan et al., 2012). Diminished ACCNOS1 expression and decreased CSF-NOx levels were found in mood disorder
patients (Gao et al., 2013). Xing and colleagues have also shown that constitutive
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NOS activity, which reflects both NOS1 and NOS3, was markedly lower in
the DLPFC in depressive patients (Xing et al, 2002). Also, molecular genetic
observations point to the involvement of NOS in depression. The genomic locus
of NOS1 on chromosome 12q24 was found to be linked with MDD (Ewald et al.,
1998; Fallin et al., 2005; McGuffin et al., 2005). Polymorphisms in the 3 subtypes
of NOS confer an increased susceptibility or relapse risk for depression (Galecki et
al., 2011; Yu et al., 2003).

Retinoid signalling
Retinoids, a family of molecules consisting of vitamine A and its derivatives, play
a key role in brain development (Maden, 2002). Vitamin A (Retinol) is either
esterified by lecithin retinol acetyltransferase and stored, or oxidized reversibly
into retinaldehyde. It is then further oxidized by retinaldehyde dehydrogenases
(RALDH1 to RALDH3) to retinoic acid (RA), which acts within the nucleus as a
ligand for nuclear receptors (heterodimers of RA receptors (RARs) and retinoid X
receptors (RXRs) to regulate the transcriptional activity of target genes. Binding
proteins for retinol (cellular retinol binding proteins, CRBPs) and retinoic acid
(cellular retinoic acid binding proteins, CRABPs) are involved in this pathway.
In cells expressing cytochrome P450 26 (CYP26) enzymes, RA is transformed
into more polar compounds (4-hydroxy-RA and 4-oxo-RA), which are subject
to further metabolism and elimination (Tafti and Ghyselinck, 2007). Emerging
evidence now suggests that retinoid signalling may also be required for adult brain
functioning (Lane and Bailey, 2005). Evidence for a link between retinoid and
MDD comes from case reports showing that the onset of the depressive symptoms
occurred after the use of isotretinoin (a 13-cis isomer of all-trans RA) to treat servere
cystic acne, while the symptoms subsided once drug treatment was discontinued
(Bremner and McCaffery, 2008; Bremner et al., 2012). Retinoid application to
animals also affects structural plasticity measures such as neurogenesis, as seen in
many animal models for depression, which closely correlates with depression-like
behaviour (Hu et al., 2016).

BDNF
Tropomyosin receptor kinase B (TrkB) is a transmembrane receptor capable of
high affinity binding of BDNF, a growth factor that acts to support the survival of
existing neurons, and the growth and differentiation of new neurons and synapses
in the CNS. The TrkB gene has three main splice products, where full-length TrkB
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and TrkB.T2 expression is mostly restricted to neurons and TrkBT1 expression
is restricted to astrocytes. Both BDNF and TrkB have received considerable
attention in MDD and suicide studies. A number of serum studies controlling for
medication effects suggest that BDNF is down-regulated in subjects with MDD
(Brunoni et al., 2008; Ray et al., 2014; Thompson Ray et al., 2011). Some studies
have revealed that suicides have decreased mRNA and/or protein levels of BDNF,
TrkB, or both, in the PFC (Ernst et al., 2009; Maussion et al., 2014; Pandya et al.,
2014). Their decreased expression correlated with hypermethylation of the BDNF
promoters in exons 4 and 9 (Roth et al., 2009).

ALZHEIMER’S DISEASE (AD)
More than 35 million people worldwide suffer from AD, a progressive
neurodegenerative disorder, characterized by a deterioration of memory and
other cognitive domains. AD is the most common form of dementia, accounting
for approximately 50% of the cases at autopsy and in clinical series.

Depression in AD
One of the most common psychiatric complications and comorbidities in AD is
depression, affecting up to 50% of the AD patients (Lyketsos and Lee, 2004; Zubenko
et al., 2003). When AD patients become depressed, this may seriously affect their
daily functioning and activities, as it decreases their cognitive functioning and
increases their mortality rate (Duru Asiret and Kapucu, 2015). In addition, it means
an increased burden for caregivers, as well as an increased likelihood of being
eligible for admission to a nursing home (Mohamed et al., 2010).
To be able to diagnose depression in AD is of practical clinical relevance, since
depressive symptoms in AD patients may be successfully treated with selective
serotonin re-uptake inhibitors (SSRIs) (Lyketsos and Olin, 2002). However,
diagnosing depressive disorder in AD patients is complicated. Firstly, according to
the DSM-IIIR and DSM-IV, depression in AD cannot be classified as MDD, because
it occurs during the course of a neurodegenerative disease. Secondly, diagnosing
depression in AD is difficult because of a profound overlap of symptoms between
depression and AD, e.g. loss of interest, decreased energy, difficulty in thinking
or concentrating, and psychomotor agitation or retardation (Burke et al., 1988;
Teng et al., 2008). Exclusive use of DSM-IIIR criteria to diagnose depression in
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AD often makes it unclear whether the observed symptoms are due to AD itself.
In order to avoid the pitfall of symptom overlap, Alexopoulos et al. designed the
Cornell scale for depression in dementia (Alexopoulos et al., 1988). The Cornell
scale is a 19-item clinician-administered instrument that uses information from
interviews with both patient and nursing staff members, a method suitable for
demented patients.
A hypothesis to explain the high prevalence of depression in AD is that of a
decreased cortical metabolism (Arendt et al., 2015) that might lead to a hyperactivation of the HPA axis (Bao et al., 2008; Meynen et al., 2007b; Swaab et al.,
2000). Neuritic plaques and neurofibrillary tangles, the two major hallmarks of AD
brains, are indeed more pronounced in the brains of AD patients with comorbid
depression compared with AD patients without depression (Caraci et al., 2010),
and there is also a correlation between the Cornell scores and the sum score for the
density of neuritic plaques in the entire cortex (Meynen et al., 2009).

The epidemiology and brain changes in AD
AD is a multifactorial disease. The principal risk factor for AD is advancing age, and
the incidence of the disease doubles every 5 years after 65 years of age (Querfurth
and LaFerla, 2010). Data on centenarians suggest that AD may not necessarily be
the outcome of aging per se (den Dunnen et al., 2008) but nevertheless, the odds of
receiving the diagnosis of AD after 85 years of age exceeds one in three. As the aging
population increases, the prevalence will approach 13 to 16 million cases in the
United States by mid-century (Alzheimer’s, 2014). The presence of apolipoprotein
E (ApoE) e4 alleles, as a risk factor, is responsible for some 17% of the cases via
amyloid-β (Aβ). Mutations in the amyloid precursor protein presenilin 1 and 2
genes, as a risk factor for familial AD, contribute less than 1% to the prevalence of
AD (Bettens et al., 2013). Additional risk factors for AD are: female gender, lack
of sex hormones, smoking, low degree of education, cardiovascular disorders and
obesity (Bao et al., 2008).
The PFC is strongly affected, particularly in late-stage AD, as appears from its
atrophy and the accumulation of plaques and tangles (Bossers et al., 2010; Braak
and Braak, 1991; Schaeffer and Gattaz, 2008). Since most studies on aging and
AD focus on regions that are affected early on in the AD process, such as the
medial temporal lobe – mainly entorhinal cortex and hippocampus – and that
are linked to encoding declarative memories, much less is known about the AD
process in the PFC (Leuba et al., 2008). Without disregarding the importance of
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AD related lesions such as Aβ senile plaques and neurofibrillary tangles (Bossers
et al., 2010), the functional changes in the aging or AD PFC could be related to
changes in synaptic and cytoskeletal plasticity, as the loss of synaptic proteins was
found to be greater in the frontal than in the parietal cortex of AD patients (La
Joie et al., 2012; Reddy et al., 2005). A characteristic functional change in the PFC
in these conditions is hypometabolism, which may trigger the hyperactivity of
HPA axis. In turn, the resulting hypercortisolism may inhibit the PFC even more
(Fulham et al., 1995; Klupp et al., 2015), leading to further activation of the HPA
axis. Whether the metabolic changes in the cortex of AD patients are cause or
effect of a hyperactive HPA axis remains a matter of debate (Swaab et al., 2005).
An imbalance between GABA and glutamate was also reported in the PFC in
AD: a significant decrease in GABA without glutamate changes was found, e.g.,
in the DLPFC in depressive patients with AD, while the glutamate/GABA ratio
correlated with the depressive state (Garcia-Alloza et al., 2006). A connection was
also found between depression and decreased glucose metabolism in the DLPFC
and ACC in early AD (Hirono et al., 1998; Marano et al., 2013). The possible
relationship between GABA and glutamate changes in the PFC and depression in
AD is currently under investigation in our group.

ANIMAL MODELS
AD patients with comorbid depression show higher levels of cortical plaque and
tangle accumulation than AD patients without comorbid depression (Meynen et
al., 2009; Rapp et al., 2008). We therefore wondered whether mouse models for
AD could also be used as a model for depression in AD. There are two hallmark
lesions in AD: 1) diffuse and neuritic plaques, mainly composed of Aβ peptide,
and 2) neurofibrillary tangles, composed of filamentous aggregates of hyperphosphorylated tau protein.
One of the most commonly used models for AD is the APP/PS1 mouse line,
which contains human transgenes for both APP, bearing the Swedish mutation,
and PSEN1, containing an L166P mutation, both under the control of the Thy1
promoter (Radde et al., 2006). As a consequence, these mice produce elevated
levels of Aβ and are considered a model for familial AD. The APP/PS1 mice have
several features in common with familial AD patients, including the development
of amyloid plaque deposition, a loss of spines and memory impairment at
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advanced age, mainly in their neocortex. The first publication characterizing these
mice reported that they exhibited impaired reversal learning of a food-rewarded
four-arm spatial maze task at eight months of age (Radde et al., 2006). Others
have subsequently reported cognitive impairments, including deficits in the
spatial Morris Water maze test at seven months of age (Serneels et al., 2009). Also,
microglia activation and impairments in long-term potentiation (LTP) as cellular
model for learning and memory formation, in the hippocampal CA1 region have
been reported to start around this age (Gengler et al., 2010; Hoeijmakers et al.,
2017). Interestingly, exposure to stress has been shown to modify, e.g., survival
and amyloid pathology in AD models (Green et al., 2006; Lesuis et al., 2016; Lesuis
et al., 2017), which, notably, can be rescued by application of blockers of the GR
(Baglietto-Vargas et al., 2013, Lesuis et al., 2018).
Animal model has, however, clear discrepancies with human AD. For instance,
phosphorylated tau-positive neuritic processes have been observed in the vicinity
of all congophilic amyloid deposits in APP/PS1 mice, but no fibrillary tau
inclusions, or full-fledged neurofibrillary tangles, are seen (Radde et al., 2006; Rupp
et al., 2011). Also, it is important to note that in these mice, the neuropathological
alterations follow, rather than precede, the functional disturbances (Radde et al.,
2006; Rupp et al., 2011). Animal models may thus be a formidable tool in the
investigation of the etiology of AD, its course and potential treatment (Collado
2010; Lanzas 2010), and for the study of the neurobiology of behaviour (McKinney
2001), but the validity of a model should be proven by comparison to the human
disorder.

SCOPE OF THE PRESENT THESIS
Most postmortem studies on depression have been carried out in mood disorder
patients that died due to suicide, while most postmortem studies on suicide were
comparing these subjects to healthy controls, even though most suicide patients
have a psychiatric background. Therefore, it is often not clear whether the reported
changes in the literature are related to depression, suicide or both. This problem is
first illustrated in a short communication of the literature in Chapter 2. The central
question of the present thesis is, therefore, whether changes in the postmortem
PFC are related to depression or rather to suicide. For this question, we studied,
in the ACC and in the DLPFC, components of the two major neurotransmitter
pathways, i.e. glutamate and GABA (Chapter 3 and 4), and a series of stress-related
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neurotransmitters, neuropeptides and related compounds (Chapter 5), as well as
possible changes in the glutamate-glutamine cycle and neuronal/glial glutamate
transporters (Chapter 6).
For the second research question, we hypothesized that, in AD, the presence
of amyloid plaques in the frontal cortex may induce alterations in the GABAergic
and glutamatergic pathways, thereby causing activation of the HPA axis, and in
this way contributing to the high prevalence of depression in AD. Thus, the second
question in this thesis is whether AD-related depression is accompanied by such
changes in the glutamate and GABA pathways, as also observed in mood disorders
and what the relation of these changes is to hyperactivity of the HPA axis in AD.
Finally, the APP/PS1 mouse model for AD was studied, in order to see whether it
also displays depression-related changes and might thus be useful for studies on
depression in relation to AD pathology (Chapter 7).
In Chapter 8, an overview is given of the main findings of the preceding
chapters and the results obtained are discussed within the framework of recent
literature and in relation to future research. To summarise, our research has shown
that, both in ACC and DLPFC, mood disorder patients who committed suicide
have different gene expression patterns than mood disorder patients who died
of causes other than suicide. Specifically, our data indicate that the increase in
glutamate related gene expression in the ACC may be linked to suicide (rather
than to MDD per se).
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CHAPTER 2
TOWARDS AN IDENTIFICATION
OF THE MOLECULAR DIFFERENCES
BETWEEN DEPRESSION AND SUICIDE

J. Zhao, P.J. Lucassen and D.F. Swaab,

Submitted

Short literature review

Over the past decade, there has been a rise in studies reporting on various
molecular changes in postmortem brain tissue of psychiatric patients who had
suffered from mood disorders and/or suicide. However, when compared to each
other, many of these studies often presented clear discrepancies, even though
matching for factors like age and postmortem delay was often carefully performed.
As a result, it is still hard to distill a uniform picture from them, let alone obtain
a better insight in the neurobiological mechanisms underlying mood disorders.
We here propose that part of this confusion results from the fact that suicide has
always been considered a feature and symptom, and thus an integral part of mood
disorders, whereas it may represent a different entity from a behavioural and also
molecular point of view. Actively engaging in the act of ending one’s own life may
represent a whole different "state of mind" with terms of inhibitory behaviour or
impulse control, then experiencing prolonged mood problems, or feelings of guilt,
worthlessness and sadness per se. Yet, in many previous studies, major depressive
disorder (MDD) patients who committed suicide have generally been included in
the same group as MDD patients who died of other causes, but did not idealize or
commit suicide. Same for the bipolar disorder (BD) patients.
To start addressing this possible difference, we have focused in our own
molecular studies in the prefrontal cortex (PFC). In elderly mood disorder
patients who did not commit suicide, we found significant changes in two (i.e.
GABRB2 and PSD-95) out of thirty-two gamma-aminobutyric acid (GABA) and
glutamate related transcripts, in the anterior cingulate cortex (ACC) (Zhao et
al., 2012). For the exactly same target gene set in our recent study, we found an
enhanced expression and for the most genes in the ACC in the depressed suicide
MDD patient group, while gene expression levels in the non-suicide MDD patient
group were decreased (Chapter 4). Previously, we report that the expression levels
of corticotropin-releasing hormone (CRH) and neuronal nitric oxide synthase
(NOS)-interacting DHHC domain-containing protein with dendritic mRNA
(NIDD) were increased in the ACC of the suicide MDD patient group (Zhao et
al., 2015). Also, there was a significant increase in neuronal located components
(EAAT3, EAAT4, ASCT1, SNAT1, SNAT2) of the glutamate-glutamine cycle in
the ACC, whereas the astroglia located components (EAAT1, EAAT2, GLUL)
were decreased in the dorsolateral PFC (DLPFC) of suicide MDD patients (Zhao
et al., 2016).
We next set out to investigate whether the earlier reported alterations in
literature were also related to either mood disorder per se, or to a mood disorder
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that ended with suicide. We found that most previously published postmortem
studies did not distinguish mood disorder per se from mood disorder with suicide
alterations and may thus have presented mixed results. We list several recent
papers to further illustrate this topic in Table 1.
Firstly, postmortem studies that claimed to have determined molecular
alterations in relation to mood disorders had in fact very often selected mood
disorder patients that had died all, or for a major part, from suicide. They were
compared to control subjects without any psychiatric disorder, and thus disregarded
that suicide may have confounded the findings that were now proposed to be due
to mood disorder per se.
Secondly, the studies that claimed to have shown changes in relation to suicide
had generally compared cases who committed suicide to matched controls without
any psychiatric disorder, thereby disregarding the fact that suicide is not MDD or
BD-specific as many suicide cases have suffered from various psychiatric disorders,
including anxiety, but also often from substance abuse, schizophrenia and personality
disorders (Hawton and van Heeringen, 2009). Martins-de-Souza et al. in Table 1
has touched upon this problem. They stated in their paper that suicide might be a
confounder, but that they could not explore this any further due to the small group
size (Martins-de-Souza et al., 2012).
It is further important to note that, in turn, for studies into suicide per se,
mood disorder represents a confounder. This is particularly relevant for biological
analyses of suicide behaviour, where distinct, disease-related contributions to
suicide risk are generally not well defined (Lutz et al., 2017) and e.g. no suicidespecific behavioural changes, possible biomarkers or other indicators for
impending suicide are known, although some developments in this direction
utilizing polyphenic risk scores and questionnaires, are underway (Le-Niculescu
et al., 2013; Levey et al., 2016; Niculescu and Le-Niculescu, 2017).
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Reinhart

Smalheiser

Hamazaki

Am J Psychiatry (2015)

Neurobiol Dis (2015)

Plos one (2014)

Psychiatry Res (2014)

Altherations in 'Depression'
J Psychiatry Neurosci.
Clark
(2016)

Fatty acid composition of the
postmortem prefrontal cortex of
patients with schizophrenia, bipolar
disorder, and major depressive
disorder

Evaluation of TrkB and BDNF
transcripts in prefrontal cortex,
hippocampus, and striatum from
subjects with schizophrenia, bipolar
disorder, and major depressive
disorder
Expression of microRNAs and Other
Small RNAs in Prefrontal Cortex in
Schizophrenia, Bipolar Disorder and
Depressed Subjects

CHRNA7 and CHRFAM7A mRNAs:
Co-Localized and Their Expression
Levels Altered in the Postmortem
Dorsolateral Prefrontal Cortex in
Major Psychiatric Disorders

Reduced kynurenine pathway
metabolism and cytokine expression
in the prefrontal cortex of depressed
individuals

Brain
area

lipid acid comparison

Q-PCR

Q-PCR

Q-PCR; in-situ

BA8

PFC

DLPFC

DLPFC

Q-PCR; Histology; VLPFC
immunohistochemistry

Table 1 Findings of postmortem studies in 'Depression' and 'Suicide' populations
Journal (Year)
First author
Title
Main methods

15 SZ (3 S),
15 BD (4 S),
15 MDD (13
S), 15 C

15 SZ (7 S),
15 BD (8 S),
15 MDD (7
S), 15 C

15 SZ (7 S),
15 BD (8 S),
15 MDD (7
S), 15 C

176 SZ, 61
BD, 138
MDD, 326 C

45 MDD (25
S), 36 C

Subjects

Discrete miRNA alterations were
observed in all disorders, as well as
in suicide subjects (pooled across
diagnostic categories) compared to
all non-suicide subjects
No significant differences in the
levels of PUFAs or other fatty acids
in the PFC (BA8) between patients
and controls. No differences in
any individual fatty acids between
suicide and non-suicide cases.

Depression, in the absence
of medical illness or an overt
inflammatory process, is associated
with compromised, rather than
increased kynurenine pathway
metabolism in the VLPFC.
These data show preferential
fetal CHRFAM7A expression
in the human PFC and suggest
abnormalities in the CHRFAM7A/
CHRNA7 ratios in SZ and BD,
due mainly to overexpression of
CHRFAM7A.
No difference on mRNAs encoding
TrkB, total BDNF, and the four most
abundant BDNF transcripts (I, IIc,
IV, and VI)

Conclusion by authors
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45

46

Gittins

Deschwanden

Shelton

J Affect Disord (2011)

Am J Psychiatry (2011)

Mol Psychiatry (2011)

Reduced metabotropic glutamate
WB
receptor 5 density in major depression
determined by [(11)C]ABP688 PET
and postmortem study
Altered expression of genes involved
Microarray
in inflammation and apoptosis in
frontal cortex in major depression

immunoautoradiography

A morphometric study of glia and
neurons in the anterior cingulate
cortex in mood disorder.

Jernigan

Q-PCR

Prog Neuropsychopharmacol Biol Psychiatry
(2011)

REDD1 is essential for stress-induced
synaptic loss and depressive behavior.

Identification of proteomic signatures Proteomics
associated with depression and
psychotic depression in post-mortem
brains from major depression patients
The mTOR signaling pathway in the
WB
prefrontal cortex is compromised in
major depressive disorder.

Ota

Transl Psychiatry (2012) Martins-deSouza

Nat Med (2014)
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Journal (Year)
First author
Title
Main methods

BA10

BA10

ACC

PFC

BA9

Brain
area
PFC

REDD1 levels are increased in the
postmortem PFC of human subjects
with MDD relative to matched
controls.

Conclusion by authors

14 MDD (7
S), 14 C

Evidence of inflammatory, apoptotic,
and oxidative stress in depression.

Protein changes in energy
metabolism, synaptic function,
histidine triad nucleotide binding
protein 1 in depression.
12 MDD (10 Deficits in mTOR-dependent
S), 12 C
translation initiation in MDD
particularly via the p70S6K/eIF4B
pathway.
5 MDD + 2
Reduced mTOR, p70S6K, eIF4B and
BD (4 S), 9 C p-eIF4B protein expression in MDD
subjects relative to controls. No
group differences were observed in
eIF4E, p-eIF4E or actin levels.
15 MDD (11 Reduced mGluR5 protein expression
S), 15 C
in depression.

1st cohort:
36 MDD
(no suicide
information),
36 C
2nd cohort:
37 MDD
(no suicide
information),
35 C
24 MDD (17
S), 12 C

Subjects
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Van Otterloo

Khundakar

Rajkowska

Kang

Int J Geriatr Psychiatry
(2009)

Br J Psychiatry (2009)

Neuropsychopharmacology (2007)

J Neurosci (2007)

Altherations in 'Suicide'
Transl Psychiatry (2016) Schiavone

Feyissa

Prog Neuropsychopharmacol Biol Psychiatry
(2009)

Microarray

Cell counting

Nissl staining

The NADPH oxidase NOX2 as a novel Immunostaining
biomarker for suicidality: evidence
from human post mortem brain
samples

GABAergic neurons immunoreactive
for calcium binding proteins are
reduced in the prefrontal cortex in
major depression.
Gene expression profiling in
postmortem prefrontal cortex of
major depressive disorder.

Morphometric analysis of neuronal
and glial cell pathology in the
dorsolateral prefrontal cortex in latelife depression.

Reduced levels of NR2A and NR2B
WB
subunits of NMDA receptor and PSD95 in the prefrontal cortex in major
depression.
Reductions in neuronal density in
Cell counting
elderly depressed are region specific.
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Journal (Year)
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Title
Main methods

Cortex

PFC

DLPFC

DLPFC

BA9

Brain
area
PFC

Conclusion by authors

26 AS, 6
NSA, 10 C

Increased NOX2, interleukin-6
and 8-hydroxy-2'-deoxyguanosine
expression in the cortex of AS
subjects compared with control and
NSA subjects.

Reduced expression of
NR2A and NR2B, and PSD95 protein level, with no change in
the NR1 subunit.
10 MDD ( > Neither the overall nor laminar
60 yrs, 5 S),
density of pyramidal or non10 C
pyramidal neurons was significantly
different between groups. The
cortical and laminar widths were also
not affected.
17 MDD (1
Reduced volume of pyramidal
S), 10 C
neurones in the whole cortex,
which was also present in layer
3 and more markedly in layer 5.
There were no comparable changes
in non-pyramidal neurones and
no glial differences.
14 MDD (9
A significant reduction in the density
S), 11 C
and size of GABAergic interneurons
immunoreactive for calcium binding
proteins in the PFC in MDD.
15 MDD
Stresscopin and FoxD3 are increased
(no suicide
in neurons of DLPFC gray matter of
information), MDD subjects.
15 C

14 MDD (10
S), 10 C

Subjects
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Bach

Synapse (2013)

Poulter

Biol Psychiatry (2008)

GABA-A receptor promoter
hypermethylation in suicide brain:
implications for the involvement of
epigenetic processes

Glucocorticoid regulates TrkB
protein levels via c-Cbl dependent
ubiquitination: A decrease in c-Cbl
mRNA in the prefrontal cortex of
suicide subjects
Abnormal Expression Pattern
of Notch Receptors, Ligands, and
Downstream Effectors in the
Dorsolateral Prefrontal Cortex and
Amygdala of Suicidal Victims
Elevated serotonin and 5-HIAA in
the brainstem and lower serotonin
turnover in the prefrontal cortex of
suicides
Region-specific alterations in
glucocorticoid receptor expression
in the postmortem brain of teenage
suicide victims
Altered functional protein networks
in the PFC and amygdala of victims
of suicide
DNA methylation
mapping

Proteomics

Proteomics

HPLC

Q-PCR

Q-PCR

FPC

PFC

PFC

PFC

DLPFC

Brain
area
BA10

Conclusion by authors

DLL1 levels were increased, whereas
DLL4, JAGGED1, and JAGGED2
were significantly decreased in the
DLPFC. HES1 was significantly
reduced.
6 S (mixed
No significant differences in 5-HT
psychiatric
or 5-HIAA in suicides, the mean
subjects), 8 C 5-HIAA/5-HT ratio was much lower
in suicides
24 S (mixed Decreased GRa and GR inducible
psychiatric
genes in the PFC in the suicide
subjects),
victims.
24 C
6 S (no
Altered functional protein network
psychiatric
in the PFC of suicide victims.
diagnosis
information),
6C
10 S (11
Increased DNA methyltransferase
MDD, male), transcript in suicide, and the
13 C (male), change in the FPC was related
10 S (MDD, to the increased methylation of
female), 10 C a gene whose mRNA expression
(female)
has previously been shown to be
reduced.

13 S (no
psychiatric
information),
13C

15 S (no
A significant decrease in c-Cbl
psychiatric
mRNA levels in the PFC of suicide
information), subjects.
13C

Subjects

Abbreviations
ACC, anterior cingulate cortex; BA, Brodmann area; AS, asphyctic suicide; BD, bipolar disorder C, non-psychiatric control subjects; DLPFC, dosolateral prefrontal cortex;
FPC, frontopolar cortex; GABA, gamma-Aminobutyric acid; MDD, major depressive disorder; NSA: Non-suicidal asphyxia OFC, orbital frontal cortex; PFC, prefrontal
cortex; S, suicide victims, SZ, schizophrenia or schizoaffective disorder; VLPFC, ventrolateral prefrontal cortex; WB, western blot.

Kekesi

Plos One (2012)

Psychoneuroendocrinol- Pandey
ogy (2013)

Monsalve

Mol Neurobiol (2014)

Psychoneuroendocrinol- Pandya
ogy (2014)
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Journal (Year)
First author
Title
Main methods
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During the past few years, more and more scientists are realizing this issue,
as summarized in several recent papers and reviews (Aleman et al., 2014). A
Canadian research group was one of the first that tried to disentangle alterations
due to either depression or suicide (Klempan et al., 2009; Sequeira et al., 2007;
Sequeira et al., 2009). In their studies, postmortem tissues from three patients
groups were compared: 1) patients who committed suicide during an episode of
major depression, 2) suicide victims with no lifetime history of major depression
and 3) age-matched controls with no history of suicidal behaviour, and without a
major psychiatric diagnosis. They found a large number of differentially expressed
genes in the hippocampus mainly when comparing the two groups of suicide
completers that seemed to be associated with major depression (Sequeira et al.,
2007). Further studies indeed showed that all differentially expressed GABAergic
genes were clearly up-regulated in suicide completers who suffered from major
depression, and down-regulated in suicide completers without a history of
depressive disorders, suggesting a depression-specific effect (Sequeira et al.,
2009). However, to identify molecular processes related to suicide per se, and thus
independent of major depression, was problematic, since a comparison group
that had suffered from major depression, but did not die by suicide, was lacking
(Sequeira et al., 2007).
In contrast, in more imaging studies, designed to distinguish between depressed
patients with and without suicide attempters, clear differences were found in
relation to suicide (Miller et al., 2013; van Heeringen et al., 2011). A good example
illustrating the importance of distinguishing suicide from depression per se, is
the PET study by Miller et al, who studied three groups of patients: 1) controls
without a brain disorder, 2) major depressed patients who did not have a history of
suicide attempts, and 3) major depressed patients who did have a history of suicide
attempts (Miller et al., 2013) and found that only the suicide attempters had lower
serotonin transporter levels. In this respect, it would have been very informative if
a group of patients (depressed or otherwise) that had actually died of suicide had
been included as well.
Thus, in order to improve our understanding of the underlying neurobiological
mechanisms of psychiatric disorders in general, and to identify possibly different
molecular signatures between mood disorder and mood disorder with suicide
in particular, it is important we realize that the results of previous studies have
likely been obscured by the analysis of mixed groups which may have prevented
a correct interpretation of the true changes at hand. We therefore propose that
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in future studies, at least four groups are ideally distinguished: 1) age-matched
controls without a brain disorder, 2) mood disorder patients who did not commit
suicide, nor had suicide ideations, nor attempted suicide, but died from other
causes instead, 3) mood disorder patients for whom suicide attempts or ideations
were present, but who died from other causes, and 4) mood disorder patients who
did commit suicide.
As the above-mentioned papers and the overview of earlier work on this subject
(Table 1) indicate, studies with such a 4-groups design still have to be performed
and tissues from such distinct groups may not be easy to collect. Yet, it will be a
first very important step towards a better understanding of the molecular changes,
and from there, towards better risk assessment, patient stratification and future
treatment and prevention strategies of the 2 severe, life threatening, and likely
inherently different, psychiatric disorders and suicide.
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ABSTRACT
Background: The prefrontal cortex (PFC) is presumed to be involved in the
pathogenesis of depression.
Methods: We determined the gene expression of 32 markers of the pathways of
the two main neurotranmitters of the PFC, gamma-aminobutyric acid (GABA)
and L-glutamatic acid (glutamate), by real-time quantitative PCR in human
postmortem anterior cingulate cortex (ACC) and dorsolateral PFC (DLPFC) in
elderly non-suicidal patients with major depressive disorder (MDD) or bipolar
disorder (BD).
Results: We found the transcript levels of GABA-A receptor beta 2 (GABRB2)
and post-synaptic density-95 (PSD-95) to be significantly decreased in the ACC
in mood disorder. DLPFC mRNA expression of all the detected genes in the
mood disorder group did not differ significantly from that of the non-psychiatric
controls.
Conclusions: The observed alterations in the GABAergic and glutamatergic
pathways indicate a diminished activity. These alterations were only present in the
ACC and not in the DLPFC.
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INTRODUCTION
Mood disorders are common and have serious consequences. The lifetime
prevalence of major depressive disorder (MDD) is estimated to be 16% (Kessler
et al., 2003). Neuropsychological, functional neuroimaging and morphological
studies indicate that the prefrontal cortex (PFC) is involved in the pathogenesis
of depression. A number of studies show that hypofunction of the PFC correlates
with disease severity in both MDD and bipolar disorder (BD) (Drevets et al.,
2008; Price and Drevets, 2010; Swaab et al., 2000): for example, a strongly altered
glucose metabolism was found in the dorsolateral PFC (DLPFC) and anterior
cingulated cortex (ACC) (Price and Drevets, 2010). Moreover, BD patients exhibit
pronounced impairment of a number of tasks mediated by the PFC (Zihl et al.,
1998). In addition, a reduction of grey matter volume was found in the DLPFC in
both mood disorders, accompanied by reductions in density and size of neurons
and glial cells (Price and Drevets, 2010; Rajkowska et al., 1999; Rajkowska et al.,
2001).
Gamma-aminobutyric acid (GABA) and L-glutamatic acid (glutamate) are two
major neurotransmitters that may affect PFC activity in depression (Hashimoto,
2011; Krystal et al., 2002; Sanacora and Saricicek et al., 2007). In living patients, an
increased glutamate content was reported in BD in both ACC and DLPFC (Frye
et al., 2007; Lan et al., 2009), whereas prefrontal GABA and glutamate/glutamine
concentrations were either reduced or unchanged in MDD patients (Hasler et al.,
2007; Walter et al., 2009). A reduced density of GABAergic neurons was found in
the postmortem ACC of BD patients and in the DLPFC of MDD patients (Cotter
et al., 2002; Rajkowska et al., 2007). Furthermore, the transcript levels of a number
of GABA subunits were decreased in the PFC of depressed suicide victims (Merali
et al., 2004). For the glutamate pathway, reduced gene expression of NMDA
receptor subunits (NR1 and NR2A) were found in the DLPFC of depressed
patients (Beneyto and Meador-Woodruff, 2008). Furthermore, a microarray study
showed dysregulation of genes related to the GABA and glutamate pathways in the
ACC and DLPFC (Choudary et al., 2005).
However, it should be noted that in the postmortem studies data on the major
changes in the GABAergic and glutamatergic systems in depression (Gao et al.,
2010) were mainly obtained in younger suicidal patients. Therefore, the present
study aimed to study GABA and glutamate pathway changes in non-suicidal
elderly depressed patients. We used real-time quantitative PCR (Q-PCR) on
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isolated grey matter of the ACC and DLPFC in order to compare the expression
of components of the GABAergic and glutamatergic pathways in mood disorder
patients and matched controls.

METHODS
Subjects
Brain samples were collected by the Netherlands Brain Bank (NBB), after written
informed consent from the patient or their next of kin for a brain autopsy and
the use of the material and medical records for research purposes. The depressed
patients had been diagnosed in psychiatric clinics either as MDD or BD during
their lifetime according to the DSM-III, DSM-IIIR or DSM-IV criteria, and the
diagnosis was confirmed on the basis of the DSM-IV criteria by a board-certified
psychiatrist using the extensive medical records of the NBB. Alcohol abuse was
an exclusion criterium and other causes of depression, such as Parkinson’s and
Alzheimer’s disease, were excluded by systematic neuropathological investigation
(van de Nes et al., 1998). Control patients had no primary neurologic or
psychiatric disease (for exceptions see Table 1). The material consisted of ACC
(depression N=12, control N=12) and DLPFC (depression N=14, control N=14).
The depressed patients and controls were matched for sex, age, postmortem delay
(PMD), clock time and month of death, cerebrospinal fluid (CSF) pH, brain
weight, ApoE genotype and Braak stage of Alzheimer pathology.
Tissue from the left DLPFC or ACC (for right side exceptions see Table 1)
was dissected, then snap-frozen and 50µm thick cryostat sections were cut. Grey
matter containing all six layers of the neocortex was isolated as described in our
previous publication (Bossers et al., 2010).
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01-074

02-051

06-011

06-026

07-033

00-074

00-088

00-111

02-014

06-021

06-075

07-076

97-058

99-118

07-060

MDD

MDD

MDD

MDD

MDD

BD

BD

BD

BD

BD

BD

BD

BD

BD

BD

NBB
number

M

M

F

F

F

M

M

M

M

M

M

M

F

M

M

Sex

93

68

90

79

80

70

68

70

73

78

88

70

60

81

45

Age
(y)

6:00

5:55

6:30

7:25

9:30

6:23

16:46

4:50

5:15

7:35

6:37

7:15

4:20

6:00

7:00

PMD
(h)

21:10

23:15

10:15

03:10

09:30

13:07

00:00

02:45

09:30

23:00

21:15

08:00

16:10

15:30

02:30

CTD
(h)

9

10

5

11

10

3

2

10

7

6

5

3

1

6

6

MTD

6.37

6.82

ND

6.26

6.33

6.53

6.64

6.26

6.38

6.27

6.26

6.50

ND

6.50

6.55

CSF
pH

1459

1204

1143

1231

1190

1488

1424

1490

1260

1227

1225

1415

1080

1345

1427

BW
(g)

7.7

-

7.1

-

6.3

7.0

7.2

-

7.5

6.7

7.0

7.9

8.1

8.0

7.0

-

7.7

7.4

7.2

6.3

7.1

8.1

6.9

7.2

7.3

7.3

8.4

8.9

7.3

8.0

33

32

32

43

33

33

33

33

33

33

43

43

33

43

43

RIN
RIN
ApoE
(ACC) (DLPFC)

Table 1 Clinico-pathological information of patients with MDD, BD and control subjects

1

1

3

2

1

3

1

1

2

0

2

1

1

3

0

Medication in
the past
No
No
No
No
No
Yes

SSRI
Hal
Hal, Dex
BZD, Mo,
Clozapine
BZD, Lev,
Mo
BZD

Li, Hal, BZD,
ECT, ZUC

Mo, ZUC

ECT, BZD,
CBZ

L ACC

L DLPFC

BZD, SSRI,
TCA

Li

L DLPFC, Li, TCA,
L ACC
Parnate, ECT

L DLPFC

L DLPFC, Li
L ACC

L DLPFC, Li
L ACC

No
No
No
No
No
No

Li, Prednisolone
Mo, CBZ
Parnate
None
BZD

No

No

Li, BZD

L DLPFC, Li, ZUC, CBZ, None
L ACC
MAOI, Hal

L DLPFC

No

Suicide
attempt

Medication
in the last 3
months

R DLPFC, Li, CBZ, BZD, Mo
L ACC
ECT

L DLPFC, Li, Hal, BZD
L ACC

L DLPFC, Li, BZD, Lev,
L ACC
Mo

L DLPFC, Met, Hal,
L ACC
ZUC, BZD

L DLPFC, SSRI, BZD,
L ACC
Hal, Mo, Tam

L DLPFC, BZD, TCA,
L ACC
Hal

R DLPFC, SSRI, BZD
L ACC

Braak Brain
stage Region

Cachexia, renal
failure

Cardiac ischemia

Lung embolism

ND

Acute heart death

Cerebral Contusion, pneumonia

Subdural hematoma

Cardiac arrest,
ileus

Dehydration

Colon cancer

Multiple epileptic
seizures

Respiratory insufficiency

Euthanasia due to
carcinoma

Renal insufficiency

Pontine hemorrhage

Cause of death
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01-033

01-086

04-049

04-057

05-019

05-034

05-044

05-068

06-037

96-052

97-039

C-2

C-3

C-4

C-5

C-6

C-7

C-8

C-9

C-10

C-11

C-12

M

M

M

M

M

M

M

F

F

M

M

87

73

66

56

80

56

74

81

77

88

75

73

Controls

M

3.07

SEM
(DLPFC)

00-067

3.91

SEM
(ACC)

C-1

72

Mean
(DLPFC)

Age
(y)
74

Sex

Mean
(ACC)

NBB
number

4:00

9:10

7:45

9:15

7:15

14:00

5:00

6:40

8:20

7:00

6:20

12:45

0:48

0:55

7:14

7:25

PMD
(h)

15:00

11:30

17:45

04:45

07:15

00:01

02:00

13:10

07:55

03:00

06:10

00:01

02:02

01:56

12:09

13:27

CTD
(h)

4

5

5

10

6

5

4

8

7

7

3

6

0.82

0.78

7

5

MTD

7.39

ND

6.70

6.54

5.80

7.03

6.70

7.16

6.48

6.84

6.18

ND

0.63

0.04

5.52

6.43

CSF
pH

1506

1500

1590

1553

1376

1323

1125

1164

1312

1398

1180

1267

35.53

39.36

1296

1307

BW
(g)

-

-

-

7.9

5.2

-

8.1

7.5

5.9

-

-

-

-

0.16

-

7.3

8.3

8.5

7.8

-

5.7

8.5

8.3

8.2

6.1

8.1

7.3

7.8

0.18

-

7.5

-

33

43

33

43

33

33

43

33

32

32

43

33

RIN
RIN
ApoE
(ACC) (DLPFC)

3

2

0

0

0

0

3

1

1

1

1

0

BZD,
Prednisolone

None

ND

Medication in
the past

ND

L DLPFC

L DLPFC

L DLPFC

L ACC

None

None

Met

None

L DLPFC, None
L ACC

L DLPFC

L DLPFC, Fluticasone,
L ACC
Salbutamol

L DLPFC, None
L ACC

L DLPFC, BZD
L ACC

L DLPFC

L DLPFC

L DLPFC

Braak Brain
stage Region
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None

None

Met

None

Mo

ND

Mo, Hal,
BZD

Mo

TCA

Mo

Mo

ND

Medication
in the last 3
months

-

-

-

-

-

-

-

-

-

-

-

-

Suicide
attempt

Myocardial infarction

Cardiac arrest

Ruptured abdominal aorta
aneurysm

Acute myocardial
infarction

Cachexia and
dehydration

Heart failure

Bronchus carcinoma

Euthanasia

Cachexia and
uremia

Heart failure

Dehydration,
adenocarcinoma,
pneumonia

Massive lung embolism

Cause of death
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05-073

04-020

C-21

C-22

M

M

M

M

96

87

80

68

2.99

95-062

C-20

79

SEM
(DLPFC)

97-043

C-19

M

89

3.91

97-143

C-18

F

87

SEM
(ACC)

06-080

C-17

M

88

74

05-017

C-16

F

50

Mean
(DLPFC)

99-111

C-15

M

77

Age
(y)

79

98-006

C-14

F

Sex

Mean
(ACC)

97-156

C-13

NBB
number

1:26

0:34

8:21

7:06

5:23

6:05

4:30

10:10

6:00

6:25

10:20

5:40

8:30

2:40

PMD
(h)

01:29

01:50

07:35

10:32

13:27

08:05

14:30

09:05

06:10

21:30

04:00

03:05

11:00

08:30

CTD
(h)

1

1

6

7

2

10

6

4

10

12

3

9

1

11

MTD

0.66

0.11

5.71

6.58

6.70

6.96

6.22

7.08

6.51

6.46

6.32

6.67

6.65

6.37

CSF
pH

42.28

44.39

1319

1351

1204

1568

1400

1547

1392

1210

1356

1054

1436

1235

BW
(g)

-

0.33

-

7.2

7.4

7.8

5.4

8.5

8.6

7.1

7.5

-

-

-

0.24

-

7.7

-

-

-

-

-

-

-

6.9

7.5

8.2

33

33

33

33

33

32

33

33

43

33

RIN
RIN
ApoE
(ACC) (DLPFC)

1

3

2

2

1

2

1

3

0

1

L ACC

L ACC

L ACC

L ACC

L ACC

L ACC

L ACC

L DLPFC

L DLPFC

L DLPFC

Braak Brain
stage Region

Table 1 Continued, Clinico-pathological information of patients with MDD, BD and control subjects

None

None

Dex, Mo,
Estramustine

None

BZD, Dex

Hal, BZD

ND

BZD,
Prednisolon

None

None

Medication in
the past

Suicide
attempt
-

Medication
in the last 3
months
None
None
None
Mo
None
None
Adrenaline
None
None
Mo

Pneumonia

ND

Renal failure

Heart infarction

Metastasized
adeno- and lung
carcinoma

Ruptured abdominal aorta
aneurysm

Pneumonia, heart
infarction, renal
insufficiency

Cardial decompensation, peritonitis

Cardiac arrest,
septic shock

Septic shock,
pancreas carcinoma

Cause of death
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60
0.232

0.812

0.551

CTD
(h)

0.771

PMD
(h)

0.572

0.822

MTD

BW
(g)

0.071 0.651

0.241 0.471

CSF
pH

-

0.891

0.611

-

1.002

0.982

RIN
RIN
ApoE
(ACC) (DLPFC)

0.692

1.002

Braak Brain
stage Region

Medication in
the past

MardiaWatsonTest

2

Student
t-Test

1

Medication
in the last 3
months

Suicide
attempt

Cause of death

Abbreviations: ACC, anterior cingulate cortex; BD, bipolar disorder; BZD, benzodiazepine; BW, brain weight; CBZ, carbamazepine; CSF, cerebrospinal fluid; CTD, clock
time of death; Dex, dexamethasone; DLPFC, dorsolateral prefrontal cortex; MTD, month time of death; ECT, electro-convulsive treatment; F, female; Hal, haloperidol; L,
left; Lev, Levetiracetam; Li, lithium; MAOI, MAO inhibitor; MDD, major disorder depression; Met, Methylprednisolone; Mo, morphine; M, male; NBB, Netherlands Brain
Bank; ND, no data; None, no medication; PMD, postmortem delay; R, right; RIN, RNA integrity number; SSRI, selective serotonin reuptake inhibitor; Tam, Tamoxifen;
TCA, tricyclic antidepressant; ZUC, zuclopenthixol.

0.581

Level of
Significance
(DLPFC)

Age
(y)

0.341

Sex

Level of
Significance
(ACC)

NBB
number

Table 1 Continued, Clinico-pathological information of patients with MDD, BD and control subjects
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Q-PCR analysis
The genes related to GABAergic and glutamatergic pathways were selected
according to Figure 1, the gene information and their primers are shown in
Supplementary Material Table S-1. RNA isolation, cDNA synthesis and Q-PCR
were performed by the same protocol as described in our published paper (Wang
et al., 2008).

3

Figure 1 Information of GABA and glutamate pathways
Left Figure: The production, transport of gamma-aminobutyric acid (GABA). GABA is synthesized from
glutamate (Glu) by glutamic acid decarboxylase (GAD). After the GABA is released from presynaptic nerve
terminals, the synaptic effects of GABA in the brain are mediated through two major receptor subtypes,
termed GABAA and GABAB, respectively.
Right Figure: The production, transport, and reuptake of Glu. Glu is synthesized from glutamine (Gln) by
glutaminase (GLS). Glu is packaged into presynaptic vesicules by the vesicular Glu transporters (VGLUT)
and released from the neuron. Glu is cleared from the extracellular space by glial cells. In glial cells, Glu is
converted into Gln and is then transported back to the neuron.

Normalization strategy
To remove sampling-related differences (RNA quality and quantity), a
normalization strategy based upon the geNorm approach was used (Vandesompele
et al., 2002). The relative absolute amount of target genes was calculated by 1010×ECt
(E=10-(1/slope)) (Kamphuis et al., 2001). The geNorm analysis revealed that the
transcript level of all reference genes determined in the ACC and DLPFC could be
included in the calculation of the normalization factor (More details are shown in
the Supplementary Material S1 and S-Table 1).
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Statistical analysis
The differences in gene expression levels between groups were determined
by Student’s t-test. Because of multiple testing, a stricter level of P ≤ 0.01 was
considered to be statistically significant. All tests were two-tailed.

RESULTS
In the ACC, no significant difference between MDD and BD patients was found
for the GABAergic pathway markers, with the exception of GABRB1, which
showed a trend towards a significant decrease in MDD compared to BD (values
of 0.01< P ≤0.05 are considered to be a trend). The data from MDD and BD were
subsequently pooled for further analysis. GABRB2 transcript levels were decreased
in the pooled depression group compared to the matched controls (Table 2). In
the DLPFC, no difference in GABA related gene expression was found, either in
the subgroups or in the pooled group, except for GABRB3 which showed a trend
towards a significant increase in depression (Table 2).
In the ACC, VGluT1 expression showed a trend towards a significant decrease
in MDD compared to BD, while PSD-95 transcript level was significantly lower
in the pooled depression group (Table 2). In the DLPFC, NR1 expression was
decreased and VGluT1 and mGluR2 transcription showed a trend towards a
significant decrease in MDD. After pooling MDD and BD, no significant glutamate
related gene expression change was found (Table 2).
The main changes, i.e. reduced GABRB2 and PSD-95 expression, were also
present when MDD or BD was compared with their respective controls, for more
details see Supplementary Material S-Table 2.
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MDD

1.346±0.080
1.035±0.081
1.030±0.076
0.549±0.051
0.718±0.115
2.533±0.172
0.765±0.139
3.220±0.239
1.756±0.100
0.141±0.022
0.016±0.005
0.028±0.006
1.422±0.131
1.154±0.095
1.006±0.129
0.965±0.099
0.459±0.070
1.277±0.157
0.0007±0.00
0.168±0.005
0.616±0.049
0.142±0.013
0.259±0.019
0.052±0.005
0.365±0.056

Gene

GABRA1
GABRA2
GABRA3
GABRA4
GABRA5
GABRB1
GABRB2
GABRB3
GABRG2
GABRD
GABRE
GABRQ
GABBR1
GABBR2
GAD1
GAD2
GLS
VGLUT1
VGLUT2
GluR1
GluR2
GluR3
GluR4
GluR5
NR1

1.117±0.075
1.311±0.121
0.867±0.053
0.508±0.039
0.801±0.047
3.186±0.195
0.847±0.112
3.362±0.134
1.696±0.142
0.129±0.011
0.024±0.005
0.039±0.005
1.480±0.102
1.170±0.063
0.837±0.119
0.799±0.137
0.526±0.054
2.024±0.241
0.0012±0.00
0.182±0.009
0.656±0.047
0.165±0.021
0.281±0.021
0.062±0.005
0.475±0.030

1.213±0.063
1.196±0.086
0.935±0.049
0.525±0.030
0.766±0.054
2.914±0.161
0.813±0.084
3.303±0.122
1.721±0.090
0.134±0.011
0.020±0.003
0.034±0.004
1.456±0.077
1.163±0.051
0.908±0.088
0.868±0.090
0498±0.042
1.713±0.186
0.0010±0.00
0.176±0.006
0.639±0.033
0.155±0.013
0.272±0.015
0.058±0.004
0.429±0.032

Mean ± SEM
BD
Depression

Table 2 Result of gene expression changes in depression (MDD+BD)

1.153±0.090
1.196±0.060
0.952±0.048
0.482±0.032
0.778±0.048
2.794±0.122
1.278±0.081
3.289±0.105
1.711±0.080
0.149±0.013
0.020±0.003
0.036±0.004
1.639±0.074
1.337±0.092
1.014±0.063
0.873±0.080
0.519±0.050
1.816±0.237
0.0014±0.00
0.175±0.012
0.659±0.042
0.160±0.012
0.308±0.026
0.064±0.004
0.423±0.016

Control

P-values
MDD vs. BD
Deprssion vs.
Control
0.066
0.593
0.115
0.998
0.098
0.807
0.525
0.345
0.471
0.869
0.557
0.039*$
0.652
0.001**$$
0.591
0.931
0.760
0.937
0.606
0.373
0.277
0.951
0.184
0.799
0.733
0.102
0.881
0.113
0.368
0.334
0.389
0.967
0.459
0.749
0.736
0.040*$
0.285
0.164
0.280
0.929
0.577
0.711
0.427
0.791
0.473
0.232
0.205
0.325
0.089
0.860

anterior cingulate cortex

1.206
0.789
1.189
1.082
0.896
0.795
0.903
0.958
1.035
1.095
0.669
0.712
0.961
0.986
1.201
1.207
0.873
0.631
0.547
0.924
0.939
0.861
0.920
0.835
0.769

MDD/BD

Fold
Deprssion/
Control
1.051
1.000
0.982
1.088
0.985
1.043
0.636
1.004
1.006
0.898
1.014
0.958
0.888
0.870
0.895
0.994
0.959
0.943
0.701
1.007
0.970
0.970
0.881
0.910
1.015
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MDD

0.240±0.040
0.037±0.005
0.070±0.013
0.047±0.011
0.025±0.004
0.363±0.039
0.071±0.014
0.156±0.017
0.212±0.033
1.469±0.151
0.0003±0.00
0.0005±0.00
0.045±0.010

Gene

GABRA1
GABRA2
GABRA3
GABRA4
GABRA5
GABRB1
GABRB2
GABRB3
GABRG2
GABRD
GABRE
GABRQ
GABBR1

0.255±0.018
0.037±0.004
0.062±0.004
0.051±0.004
0.035±0.003
0.441±0.050
0.078±0.007
0.168±0.013
0.263±0.025
1.215±0.086
0.0005±0.00
0.0007±0.00
0.058±0.003

0.250±0.018
0.037±0.003
0.065±0.005
0.050±0.005
0.031±0.003
0.413±0.036
0.076±0.007
0.164±0.010
0.245±0.020
1.306±0.081
0.0004±0.00
0.0007±0.00
0.054±0.004

Mean ± SEM
BD
Depression
0.225±0.014
0.033±0.004
0.051±0.005
0.053±0.005
0.026±0.002
0.349±0.025
0.082±0.005
0.136±0.006
0.223±0.012
1.261±0.086
0.0003±0.00
0.0008±0.00
0.057±0.005

Control

P-values
MDD vs. BD
Deprssion vs.
Control
0.708
0.280
0.969
0.410
0.470
0.064
0.652
0.612
0.084
0.139
0.311
0.155
0.633
0.470
0.603
0.028*↑
0.241
0.351
0.141
0.708
0.137
0.309
0.152
0.671
0.161
0.621

dosalatera prefrontal cortex

Table 2 Continued, Result of gene expression changes in depression (MDD+BD)
anterior cingulate cortex
Mean ± SEM
P-values
Gene
MDD
BD
Depression
Control
MDD vs. BD
Deprssion vs.
Control
NR2A
0.154±0.013
0.182±0.018
0.170±0.012
0.182±0.013
0.276
0.508
NR2B
0.163±0.013
0.151±0.016
0.156±0.010
0.146±0.015
0.605
0.582
mGluR1
0.050±0.008
0.070±0.009
0.062±0.007
0.058±0.008
0.122
0.741
mGluR2
0.052±0.004
0.068±0.009
0.062±0.006
0.062±0.004
0.192
0.999
mGluR3
0.169±0.011
0.189±0.024
0.181±0.014
0.237±0.025
0.532
0.060
PSD-93
0.646±0.067
0.866±0.077
0.775±0.060
0.849±0.073
0.070
0.444
PSD-95
0.111±0.006
0.117±0.010
0.114±0.006
0.170±0.012
0.639
0.001**$$

0.943
0.993
1.128
0.911
0.704
0.822
0.910
0.931
0.806
1.208
0.559
0.611
0.775

MDD/BD

0.850
1.078
0.704
0.762
0.898
0.746
0.946

MDD/BD

Fold

Fold

Deprssion/
Control
1.110
1.115
1.264
0.937
1.200
1.182
0.925
1.201
1.101
1.035
1.274
0.864
0.944

Deprssion/
Control
0.935
1.071
1.058
1.000
0.761
0.913
0.671
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0.713
1.086
1.117
0.784
0.652
0.854
0.685
0.755
0.812
0.831
0.927
0.541
0.849
0.728
0.572
0.544
0.866
0.796
0.856

MDD/BD

Fold
Deprssion/
Control
1.103
1.029
0.961
0.916
0.961
0.789
1.066
1.151
1.116
1.163
1.022
0.865
1.084
0.832
1.200
1.140
0.884
1.052
0.908

Abbreviations: BD, bipolar disorder; MDD: major depressive disorder. For abbreviations of gene see S-Table 1.
The differences between gene expression levels were determined by Student’s t-test. Because of multiple testing, a stricter level of P≤0.01 was considered to be statistically
significant.
$ decrease, # increase.

Table 2 Continued, Result of gene expression changes in depression (MDD+BD)
dosalatera prefrontal cortex
anterior cingulate cortex
Mean ± SEM
P-values
Gene
MDD
BD
Depression
Control
MDD vs. BD
Deprssion vs.
Control
GABBR2
0.058±0.012
0.081±0.010
0.073±0.008
0.066±0.004
0.171
0.462
GAD1
0.040±0.006
0.037±0.004
0.038±0.003
0.037±0.004
0.664
0.830
GAD2
0.120±0.017
0.107±0.015
0.112±0.011
0.116±0.013
0.61
0.796
GLS
0.054±0.013
0.069±0.008
0.064±0.007
0.070±0.007
0.319
0.544
VGLUT1
0.344±0.049
0.527±0.039
0.462±0.038
0.481±0.053
0.775
0.015*↓
VGLUT2
0.0003±0.00
0.0004±0.00
0.0003±0.00
0.0004±0.00
0.659
0.336
GluR1
0.020±0.004
0.029±0.002
0.026±0.002
0.024±0.002
0.068
0.590
GluR2
0.171±0.022
0.227±0.022
0.207±0.017
0.180±0.011
0.130
0.202
GluR3
0.060±0.009
0.074±0.005
0.069±0.005
0.062±0.005
0.177
0.318
GluR4
0.027±0.005
0.033±0.004
0.031±0.003
0.026±0.002
0.409
0.255
GluR5
0.005±0.001
0.006±0.000
0.006±0.000
0.005±0.000
0.609
0.846
NR1
0.045±0.008
0.083±0.006
0.070±0.007
0.081±0.007
0.293
0.003**↓↓
NR2A
0.017±0.003
0.020±0.002
0.019±0.002
0.0178±0.001
0.418
0.486
NR2B
0.008±0.003
0.011±0.002
0.010±0.002
0.011±0.001
0.483
0.365
mGluR1
0.005±0.001
0.009±0.001
0.007±0.001
0.006±0.001
0.071
0.378
mGluR2
0.007±0.001
0.013±0.002
0.011±0.001
0.010±0.001
0.390
0.036*↓
mGluR3
0.016±0.004
0.019±0.001
0.018±0.002
0.020±0.002
0.455
0.297
PSD-93
0.060±0.009
0.075±0.007
0.069±0.006
0.066±0.005
0.225
0.648
PSD-95
0.026±0.005
0.031±0.003
0.029±0.003
0.032±0.002
0.484
0.425
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DISCUSSION
We observed alterations in the GABAergic and glutamatergic pathways in the PFC
in depression. A significant decrease in transcript levels of two genes was found,
i.e. of GABRB2, one of the subunits of the GABA-A receptor, and of PSD-95, a
scaffold protein related to the glutamatergic pathway, which indicates diminished
activity in these pathways in depression. These alterations were only present in the
ACC and not in the DLPFC. The possible confounders - age, CSF-pH and PMD
- did not affect our conclusions, for more details see Supplementary Material S2.
As the GABRB2 subunit contains the GABA binding site (Choudary et al.,
2005; Blednov et al., 2003; Sur et al., 2001), the decreased expression in depression
may have functional implications. Our experiments did not confirm the altered
expression of several GABA receptor subunits in the ACC found by microarray
(Sequeira et al., 2009). It should be noted, however, that in the latter study only
male MDD patients who committed suicide were examined. We did not confirm
the increase in GABRB2/3 in the DLPFC of BD subjects either (Ishikawa et al.,
2004) but only showed an increased trend in GABRB3. In our study, however, the
subjects were much older than in the Ishikawa study (73 ± 3 vs 48 ± 15 years of
age).
The postsynaptic scaffold protein PSD-95 directly binds to the NMDA receptor.
The observed decreased PDS-95 expression may thus cause a disturbed NMDA
receptor clustering, anchoring or receptor-mediated intracellular signaling (Lau
and Zukin, 2007; Ziff, 1997). This may also affect synaptic plasticity since PSD-95
can indirectly bind to AMPA receptors, determine the density of AMPA receptors
at synapses (Schnell et al., 2002) and participate in synaptic plasticity (Gardoni et
al., 2009).
Our finding of only a minor impairment of GABA and glutamate
neurotransmission is in accordance with in vivo studies in younger patients
(Berrettini et al., 1986; Roy et al., 1991; Kaufman et al., 2009). In younger depressed
suicide victims, more extensive changes have been reported for GABA and
glutamate receptor subunit genes in the PFC (Sequeira et al., 2009), in particular
of calbindin GABAergic neurons (Chana et al., 2003; Cotter et al., 2002; Rajkowska
et al., 2007). In addition, in the PFC of younger depressed suicide victims several
alterations were reported in glutamate and GABA receptor subunits (Choudary et
al., 2005) and in GABA-A/benzodiazepine binding sites (Cheetham et al., 1988).
These studies were not suited to distinguish between the alterations in GABA and
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glutamate that are related to depression and those related to suicide because of
the high proportion of suicide cases in the depressed patient groups. The strong
alterations in the GABAergic and glutamatergic pathways may thus rather be
related to depression at a younger age or to suicide.
Several limitations of our study should be mentioned. Firstly, the groups are
relatively small in size. However, the frozen brain material for Q-PCR analysis
was collected from clinically well-documented patients and well-matched control
subjects with a relatively short post-mortem time and good quality of RNA.
Samples meeting these criteria are extremely difficult to obtain. Furthermore, one
of the inherent potential confounding factors in a postmortem study is medication.
Mood-stabilizer effects on cortical GABA levels have not been studied in patients
with mood disorders. However, our study showed no differences regarding the
significantly changed genes between the depressed patients treated with moodstabilizers (benzodiazepine and carbamazepine) and the depressed patients who
never took mood-stabilizers (GABRB2: P = 0.662; PSD-95: P = 0.164) or took
them only during their last 3 months (GABRB2: P = 0.502; PSD-95: P = 0.186).
Studies evaluating the impact of electroconvulsive therapy and serotonin reuptake
inhibitors suggest that both treatments eliminate the GABA deficit in depressed
patients (Sanacora et al., 1998; Sanacora et al., 2000). However, our data did show
decreased GABA related gene expression in depressed patients, so the differences
might have been even more pronounced without this type of medication. In
addition, an MRS study showed no significant changes in the gluatamatergic and
GABAergic systems in the ACC after lithium treatment (Shibuya-Tayoshi et al.,
2008), while PSD-95 showed a significant up-regulation by antipsychotic-mood
stabilizing treatment in ACC (Tomasetti et al., 2010). Our study showed decreased
PSD-95 expression in depressed patients, which means that the difference in
PSD-95 might also have been more pronounced without this type of medication.
Moreover, we did not find that the significantly changed genes in our study
were any different in the depressed patients who were treated by antipsychotic
medication compared to the depressed patients who never received antipsychotic
treatment (GABRB2: P = 0.169; PSD-95: P = 0.958) or received them only during
their last 3 months (GABRB2: P = 0.696; PSD-95: P = 0.885). Since postmortem
tissue of mood disorder patients who did not receive medication is hard to come
by, additional information will have to come from in vivo imaging studies of
medication-free patients. Another possible confounding effect is the different
causes of death which might have affected brain metabolism for extended periods.
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However, the CSF-pH value is a good indicator of ante-mortem events in brain
tissue (Monoranu et al., 2008) and with the groups so well-matched it is highly
unlikely that differences in agonal state influenced the data.
In conclusion, the present study shows that markers of the GABAergic and
glutamatergic neurotransmission in the ACC are differentially expressed in elderly
non-suicidal depression. The possibility should be considered that the more
extensive alterations in the GABAergic and glutamatergic pathways in mood
disorder as reported in the literature might be related to younger age and suicide
rather than to depression per se. The present results support the possibility that the
GABA and glutamate pathways may be useful therapeutic targets in depression
(Hashimoto, 2011; Sanacora and Saricicek et al., 2007).
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S-Table 1 Information of Gene Selection, sequence of the primers, gene bank accession numbers, amplicon length for the target genes and reference genes
Gene
Official full name
Primer sequences (Forward)
Primer sequences (Reverse)
Accession numbers
Amplicon
length
(bp)
GABA related molecules
GABRA1
gamma-aminobutyric acid
ATGCCCAACAAACTCCTGC
ATAGGGAAGTCCTCCAAATGC
NM_000806
103
(GABA) A receptor, alpha 1
NM_001127643
GABRA2
gamma-aminobutyric acid
CTTGGGATGGGAAGAGTGTAGT
GTTCTGTATCATAACGGAAGCCT NM_000807
64
(GABA) A receptor, alpha 2
NM_001114175
GABRA3
gamma-aminobutyric acid
GCCCGACTGAGACCAAGACC
ATGGCAAAGAGCACAGGAAAGA NM_000808
81
(GABA) A receptor, alpha 3
GABRA4
gamma-aminobutyric acid
TGGGCAAACCGTATCAAGTG
GAGGTGGAAGTAAACCGTCATAA NM_000809
74
(GABA) A receptor, alpha 4
GABRA5
gamma-aminobutyric acid
CAGTCTTGTTCGGCACTTTCA
GAGAGGCGGCTCCTTTTAT
NM_000810
80
(GABA) A receptor, alpha 5
GABRB1
gamma-aminobutyric acid
AGCCAGAGTCGCACTAGGAAT
CCAGCAGAGCCAGGAACAC
NM_000812
148
(GABA) A receptor, beta 1
GABRB2
gamma-aminobutyric acid
CGGTGGATAGACTCCTG AA
TGGCAATGTCAATGTTCATC
NM_000813
91
(GABA) A receptor, beta 2
GABRB3
gamma-aminobutyric acid
TGACAACCATCAACACCCACC
CAAAGACGAAGCAGCCCATAA
NM_021912
93
(GABA) A receptor, beta 3
NM_000814
GABRD
gamma-aminobutyric acid
ATCGTGAACGCCAAGTCG
TGGAGGTGATTCGGATGCT
NM_000815
104
(GABA) A receptor, delta
GABRE
gamma-aminobutyric acid
CATCCTCGTATCAATAGCCGTG
GCTCCTCTCCATCACTTCCCT
NM_004961
123
(GABA) A receptor, epsilon
GABRG2
gamma-aminobutyric acid
CGTCCTATCCTGGGTGTCTTTC
CAATGGTGCTGAGGGTGGTC
NM_000816
102
(GABA) A receptor, gamma 2
NM_198903
GABRQ
gamma-aminobutyric acid
CCTGGGAAGGACGATTACT
CCCTCTGAACCTGGAACTT
NM_018558
85
(GABA) receptor, theta
GABBR1
gamma-aminobutyric acid
ATTACCGACCAAATCTACCG
CGCTGGCATCAAACACC
NM_021904
78
(GABA) B receptor, 1
NM_021903
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S-Table 1 Continued, Information of Gene Selection, sequence of the primers, gene bank accession numbers, amplicon length for the target genes and reference genes
Gene
Official full name
Primer sequences (Forward)
Primer sequences (Reverse)
Accession numbers
Amplicon
length
(bp)
GABBR2
gamma-aminobutyric acid
TCACGGGTCAAGTTGTATTCC
CCTTCACCTCCCTGCTGTCT
NM_005458
83
(GABA) B receptor, 2
GAD1
glutamate decarboxylase 1 (brain, CGGCTAAGAACGGTGAGGA
CTTGCGGACATAGTTGAGGAGT
NM_000817
76
67kDa)
NM_013445
GAD2
glutamate decarboxylase 2
CCACACAAGATGATGGGAGTC
TGCTGAAAGAGGTAGGAGGC
NM_000818
106
(pancreatic islets and brain,
NM_001134366
65kDa)
Glutamate related molecules
GLS
glutaminase
GCTTTCCATGTTGGTCTTCC
ACACTGTTGCCCATCTTATCC
NM_014905
118
VGLUT1
solute carrier family 17 (sodiumTCTTCTACGGGGTCTTTGCTT
CACACTTCTCCTCGCTCATCT
NM_020309
74
(SLC17A7) dependent inorganic phosphate
cotransporter), member 7
VGLUT2
solute carrier family 17 (sodiumTAAAAAAGCTAACATCAGACCCC
ATCCAGAATAGACAAAATACACNM_020346
102
(SLC17A6) dependent inorganic phosphate
CAA
cotransporter), member 6
GluR1
glutamate receptor, ionotropic,
ATCCCACAGCAATCCATCAA
ACCCGACCATTCTCTCCAC
NM_000827
100
(GRIA1)
AMPA 1
NM_001114183
GluR2
glutamate receptor, ionotropic,
ATTGTTGGAGGTGTGTGGTG
TAAGTTAGCCGTGTAGGAGGA
NM_000826
62
(GRIA2)
AMPA 2
NM_001083619
GluR3
glutamate receptor, ionotrophic,
TACTTGTCGGAGGTCTGGG
GTGAGTTTCATGCGTTTGG
NM_000828
90
(GRIA3)
AMPA 3
NM_007325
GluR4
glutamate receptor, ionotrophic,
TCACTACGAATGGAACTGTTTT
AGTATCGAGTATCCCCTGTCTG
NM_001077244
59
(GRIA4)
AMPA 4
NM_000829
GluR5
glutamate receptor, ionotropic,
CCCGAGGAAGACAACAAAGAA
GGCAGCCAGAACAATGAAGAT
NM_000830
74
(GRIK1)
kainate 1
NM_175611
NR1
glutamate receptor, ionotropic,
ATCCAGATGGCTCTGTCGGT
GGTGGGAGTGAAGTGGTCGT
NM_007327
101
(GRIN1)
N-methyl D-aspartate 1
NM_021569
NM_000832
NR2A
glutamate receptor, ionotropic,
TCAAGAAGTAATGGCACCG
CATCATCACCCAGACAGAGG
NM_000833
71
(GRIN2A) N-methyl D-aspartate 2A
NM_001134407
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S-Table 1 Continued, Information of Gene Selection, sequence of the primers, gene bank accession numbers, amplicon length for the target genes and reference genes
Gene
Official full name
Primer sequences (Forward)
Primer sequences (Reverse)
Accession numbers
Amplicon
length
(bp)
NR2B
glutamate receptor, ionotropic,
CTGAGAATAAAACAGACGAGG
AAGGATGTCAATACAGAACCC
NM_000834
70
(GRIN2B) N-methyl D-aspartate 2B
mGluR1
glutamate receptor, metabotropic 1 CCTACGCCTCTGTCATTCTGC
CTCTGGCTTGTCTTGCTTTTCT
NM_000838
91
(GRM1)
NM_001114329
mGluR2
glutamate receptor, metabotropic 2 GCAAGTATGTTGGGCTCGC
CTCGTTGAAGTTTTCGGGG
NM_000839
98
(GRM2)
NM_001130063
mGluR3
glutamate receptor, metabotropic 3 ATTGCCTGTCTGGGTTTTA
AAGGGTGTGTTGTTGTGCT
NM_000840
70
(GRM3)
PSD-93
discs, large homolog 2
TATTCCCCTGTTGAGTGTGA
ACGAGTTGCGGTGCTATGT
NM_001364
119
(DLG2)
NM_001142699
PSD-95
discs, large homolog 4
GGGTAACTCAGGTCTGGGC
CTTGGTGATGAAAATGGATGG
NM_001365
84
(DLG4)
NM_001128827
Reference
genes
18S ribosomal RNA
TTCGTATTGCGCCGCTAGA
TGGCAAATGCTTTCGCTCT
NR_003286
70
RN18S1
actin, beta
CCCAGCGATGTACGTTGCTA
TCACCGGAGTCCATCACGAT
NM_001101
65
ACTβ1, 2
glyceraldehyde-3-phosphate
CAATTCCATGGCACCGTC
TCTCGCTCCTGGAAGATGGT
NM_002046
62
GAPDH2
dehydrogenase
hypoxanthine
GGACAGGACTGAACGTCTTGC
ATAGCCCCCCTTGAGCACAC
NM_000194
88
HPRT11
phosphoribosyltransferase 1
tubulin, alpha 1b
CTTTGAGCCAGCCAACCAGA
GTACAACAGGCAGCAAGCCAT
NM_006082
72
TUBα1, 2
ubiquitin C
GCTGCTCATAAGACTCGGCC
GTCACCCAAGTCCCGTCCTA
NM_021009
70
UBC1
tubulin, beta 4
GGGCCAAGTTTTGGGAGGT
CACTGTCCCCATGGTATGTGC
NM_006087
71
TUBβ41, 2
1
The normalization factors used in ACC. 2 The normalization factors used in DLPFC.
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Supplementary Material S1: Normalization strategy
Quantification of the set of 7 different reference genes (reflecting different cellular
processes) showed no statistically significant differences between controls and
depression in both ACC (P ≥ 0.24) and DLPFC (P ≥ 0.34). Yet there was a good
overall correlation between the expression levels of the reference genes showing that
the variation observed was correlated and at least partly caused by variations in the
amount of cDNA in the samples which is compensated for by the normalization factor
derived from the geomean value of the 7 reference genes. Furthermore, we tested the
effect of the normalization procedure on the variation of the target genes; the overall
variation of the raw data was 40.7% and after normalization this was reduced to 30.2%
(P = 0.001). So, although effective, the reduction of variation was modest probably as
a result of the fact that we started all cDNA reactions with exactly the same amount of
RNA and that the quality of the RNA (RIN-values) were within a narrow range.
S-Table 2 Significant level of the comparison between different groups
Gene
GABRB2
PSD-95

MDD vs. Control
0.068
0.002

BD vs. Control
0.006
0.019

Depression vs. Control
0.001
0.001

Supplementary Material S2: Possible confounders in the current postmortem study
Age, CSF-pH and PMD were very carefully matched between patients and
controls. There was no significant difference between two groups (see Table 1 in the
manuscript). We have also correlated these factors to every single target gene in our
study. In the DLPFC, none of these factors was correlated to any of the target gene; In
the ACC, none of the target gene was correlated with PMD. However several target
genes (GABRA4, GABRB1, GLS, mGluR1 and PSD-93) correlated either with age
or CSF-pH. Therefore we performed Univariate test with these genes and put age or
CSF-pH as covariance (depending on which factor was correlated with target gene).
As shown in the S-Table 3, the Univariate test of all these five target genes showed no
significance between depression and control groups, just as same as Student’s t-test.
Concluding, age, CSF-pH and PMD did not influence our results.
S-Table 3 Comparison of significant level between different statistics
Gene
GABRA4
GABRB1
GLS
mGluR1
PSD-93

Stutent’s t-test
0.345
0.557
0.749
0.741
0.444

Covariance
age
CSF-pH
CSF-pH
CSF-pH
CSF-pH

Univariate test
0.676
0.517
0.781
0.734
0.443
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CHAPTER 4
PREFRONTAL ALTERATIONS IN GABAERGIC
AND GLUTAMATERGIC GENE EXPRESSION
IN RELATION TO DEPRESSION AND SUICIDE

J. Zhao, R.W.H. Verwer, S-F. Gao, X-R. Qi, P.J. Lucassen, H.W. Kessels and
D.F. Swaab

J Psychiatr Res. 2018;102:261-74
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ABSTRACT
Background: People that committed suicide were reported to have enhanced
levels of gene transcripts for synaptic proteins in their prefrontal cortex (PFC).
Given the close association of suicide with major depressive disorder (MDD), we
here assessed whether these changes are related to suicide or rather to depression
per se.
Materials and Methods: We used Q-PCR to determine mRNA levels of 32 genes
encoding for proteins directly involved in glutamatergic or GABAergic synaptic
transmission in postmortem samples of the anterior cingulate cortex (ACC)
and the dorsolateral PFC (DLPFC). Seventy-two brain samples from 3 groups
of subjects were derived from the Stanley Medical Research Institute (SMRI): i)
patients with MDD who committed suicide (MDD-S), ii) MDD patients who died
of non-suicidal causes (MDD-NS) and iii) age-matched, non-psychiatric control
subjects.
Results: In the ACC, a significantly enhanced expression of genes related to
glutamatergic or GABAergic synaptic transmission was found only in MDD-S
patients, whereas in MDD-NS patients, decreased transcript levels were found.
Moreover, in the DLPFC, expression of these genes was decreased in the MDD-S,
relative to MDD-NS patients, whereas both groups showed increased expression
compared to control subjects.
Conclusions: our findings indicate that MDD is associated with increases in GABA
and glutamate related genes in the DLPFC (irrespective of suicide), while in the
ACC, the increase in GABA and glutamate related genes may relate to suicide,
rather than to MDD per se.
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INTRODUCTION
Major depressive disorder (MDD) is a serious and disabling psychiatric illness
that affects 121 million individuals worldwide, and is predicted to be the second
most common cause of disability, after heart disease, by 2020 (Baune et al., 2007).
MDD is also the most common psychiatric diagnosis associated with suicide.
Up to 15% of those who are clinically depressed eventually commit suicide, and
more than half of all people who commit suicide meet the criteria for depressive
disorder (Alsalman et al., 2016; Cavanagh et al., 2003). Several studies on a
relationship between monoaminergic neurotransmission, depression and suicide
have emerged in the past decades. However, both the limited efficacy and the
delayed onset of the therapeutic effects of selective serotonin reuptake inhibitors
(SSRIs), the most commonly prescribed antidepressant drugs, raise doubts as to
whether the monoaminergic system is indeed in general a primary affected system
in depression (Lawrence et al., 2017; Thase et al., 2005; Trivedi et al., 2006).
In recent years, increasing evidence suggests that, in addition to hypothalamic
neuroendocrine changes (Bao et al., 2008; Qi et al., 2013a; Swaab et al., 2005), an
impaired balance between inhibition and excitation within the prefrontal cortex
(PFC) and related limbic brain circuitry is involved in MDD, probably mediated
by altered gamma-aminobutyric acid (GABA) and glutamate neurotransmission
(Gao and Bao, 2011; Ghosal et al., 2017). Large-scale gene array studies in postmortem tissue have provided strong support for alterations in GABAergic and
glutamatergic neurotransmission in depression. For instance, Choudary and
colleagues demonstrated significant down-regulation of SLC1A2 and SLC1A3,
and up-regulation of several glutamate and GABA-A receptor subunits by using
microarray analysis from MDD patients (Choudary et al., 2005). Later, altered
glutamate related genes, SLC1A2, SLC1A3 and GLUL were also found in the MDD
patients by microarray and confirmed by quantitative real-time PCR (Q-PCR)
and in situ hybridization (Bernard et al., 2011). Another study also demonstrates
significant dysregulation of glutamate receptor subunit genes GRIA1 and GRIA3 in
the subjects diagnosed with MDD by microarrays and a subgroup of identified genes
was confirmed by Q-PCR (Duric et al., 2013). Moreover, morphometric studies
have reported a reduced density and size of cortical neurons (Bernstein et al., 2016;
Chana et al., 2003; Rajkowska et al., 1999), an effect that has been attributed to
alterations in interneurons in some (Maciag et al., 2010; Rajkowska et al., 2007) but
not all studies (Cotter et al., 2002; Lucassen et al., 2014). In particular the PFC has
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received considerable attention in recent years given its role in inhibitory control,
emotions and mood, and prominent changes in depression and suicide (Fuster,
2008; Kekesi et al., 2012; Qi et al., 2013a; Qi et al., 2013b; Zhang et al., 2013).
As post-mortem studies have often been inconsistent, the exact molecular
mechanisms underlying the aetiology and pathophysiology of depression and
suicide, and factors that distinguish these, have so far remained obscure. One
critical issue, however, for interpreting discrepancies between existing studies
is the different case-control matching strategies. For instance, many studies that
claimed to determine molecular alterations in relation to depression had selected
depressed patient groups in which most patients had committed suicide, and
compared these to non-psychiatric controls (Bernard et al., 2011; Deschwanden
et al., 2011; Kimoto et al., 2015; Kunii et al., 2015; Martins-de-Souza et al., 2012;
Matosin et al., 2014; Shelton et al., 2011). Without an adequate comparison to
a disease control group, consisting of depressed patients who did not commit
suicide, it is impossible to determine whether the reported alterations are due to
depression or to suicide. On the other hand, studies that claimed to show changes
in relation to suicide per se, often compared suicide cases to matched controls
without any psychiatric disorder (Du et al., 2014; Kekesi et al., 2012; Lopez et al.,
2014; Pandey et al., 2013; Poulter et al., 2008; Schiavone et al., 2016; Sequeira et al.,
2012; Valdizan et al., 2010), thus disregarding the fact that the majority of suicide
cases suffer from psychiatric disorders, including depression, anxiety, substance
abuse, schizophrenia or personality disorders (Hawton and van Heeringen, 2009).
To investigate whether the aspect of suicide is relevant for the gene expression
changes in depression reported before by others, we previously studied a group of
well-documented depressed patients who did not commit suicide, and found that
surprisingly few GABA and glutamate-related genes had changed in expression in
PFC (Zhao et al., 2012). This suggested that the alterations reported in this brain
area before, may be related to suicide rather than to depression per se. Furthermore,
we recently found indications that depressed patients who committed suicide show
different expression patterns of genes related to the glutamate-glutamine cycle
(Zhao et al., 2016) and of stress related molecules, such as corticotropin-releasing
hormone (CRH) and nitric oxide synthase (NOS), than depressed patients who
died of causes other than suicide (Zhao et al., 2015).
Here, we follow up on these initial studies in a larger, well characterized cohort
from the Stanley Medical Research Institute (SMRI). We determined the expression
patterns of genes involved in different aspects of both the GABA and glutamate
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pathways, comparing transcript levels from MDD patients who died of suicide,
to MDD patients who died of other causes, and to matched controls without a
neuropsychiatric disorder. Our results show that changes in the genes involved in
glutamatergic and GABAergic neurotransmission may be related either to suicide
or to depression per se depending on the brain area studied.

MATERIALS AND METHODS
Material from the Stanley Medical Research Institute (SMRI)
Brain samples were collected from the SMRI (Bethesda, MD, USA). Permission
for the use of brain material was provided by the next of kin. Diagnoses were
made according to the Diagnostic and Statistical Manual of Mental Disorders
(DSM) IV (American Psychiatric Association, 1994). All brains were examined
microscopically to exclude cases with pathological signs of neurodegeneration or
other lesions. Exclusion criteria included anyone over age 70, anyone with a history
of seizures or other neurological disorders that might affect brain pathology and
anyone with evidence of such conditions upon neuropathological examination.
The cause of death for 17 of the 36 cases was suicide; the other cases, and all control
subjects died from natural causes or accidents.
Post-mortem material of the anterior cingulate cortex (ACC, Brodmann area
24) and dorsolateral prefrontal cortex (DLPFC, Brodmann area 46) were obtained
from MDD patients with accomplished suicide (MDD-S, N = 17), MDD patients
who died of other causes (MDD-NS, N = 7), or matched controls (Ctr, N = 12)
without a history of suicidal behaviour or any major psychiatric diagnosis. All
groups were matched for age, gender, brain pH, brain weight, post-mortem
delay (PMD), ethnicity, history of substance abuse, severity of substance abuse
and psychotic feature (Table 1). All demographic information and medical data,
including any lifetime use of psychotropic medications or a history of substance
abuse, were provided by the SMRI. General patient information is given in Table
1 and detailed information in Table 2. The SMRI provided us with RNA from
isolated grey matter of the respective brain regions and all analyses were performed
by investigators unaware of the diagnosis.
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Table 1 Demographic information for the SMRI subjects
MDD-S
MDD-NS

Ctr

F or x2

P

Age (years, range)

40 (24-63)

46 (36-56)

47 (24-63)

1.404

0.260

Gender (M/F)

10/7

3/4

8/4

1.034

0.596

Race

16W, 1H

7W

11W, 1H

0.529

0.744

PMD (hours, range)

29.6 (13-65)

29.9 (15-52)

25.3 (9-40)

0.541

0.587

6.60 (6.30-6.90)

6.64 (6.31-6.91)

Brain pH

6.67 (6.36-6.88)

0.565

0.574

Brain Weight
(gram, range)
Psychotic Feature1

1480 (1170-1780) 1441 (1270-1590) 1444.83 (1200-1595) 0.295

0.747

9

3

-

0.100

0.752

Alcohol hx

11

5

6

1.029

0.598

Severity of Alcohol
abuse2
Drug hx

2.18 (0-5)

1.29 (0-5)

2.08 (0-5)

0.509

0.606

5

3

4

0.403

0.817

0.88 (0-4)

1.43 (0-4)

0.75 (0-4)

0.471

0.629

1041.18 (0-6500)

1314.29 (0-3000)

-

0.121

0.732

Severity of Substance
abuse2
Fluphenazine
(lifetime)3

Abbreviation: Ctr, control; F, female; hx, history; L, left; M, male; MDD-S, major depressed patients
committed suicide; MDD-NS, major depressed patients died of causes other than suicide; PMD, postmortem
delay; R, right.
1
Psychotic Feature tested without controls, by chi-square test
2
Substance abuse and alcohol abuse was rated on a scale of 0-5
3
Fluphenazine tested without controls

Quantitative real-time PCR
RNA isolation and cDNA synthesis were performed as described before (Wang
et al., 2008; Zhao et al., 2012). RNA integrity value (RIN), an indicator of human
post-mortem tissue RNA quality (Stan et al., 2006), did not show any significant
difference between the diagnostic groups in the SMRI material (RIN value of the
ACC/DLPFC from MDD-S: 7.69 ± 0.66; MDD-NS: 7.49 ± 0.56 and the control
group: 7.73 ± 0.95, mean ± SEM). For cDNA synthesis, an equal quantity of
RNA (300 ng) for each sample was used for the synthesis of cDNA, mixed with
4.1 ml mixture of oligo dT (100 mg ml-1) and 10 x hexanucleotide (Roche, Basel,
Switzerland) (40:1 for the oligodT and hexanucleotide mixture), heated to 80 °C
for 10 min, after which the tubes were quickly transferred to ice. Then 1 ml reverse
transcriptase Superscript II RT (Invitrogen Life Technologies) was added together
with a mixture of 5 ml 5 first-strand buffer, 2.5 ml 100 mM dithiothreitol, 1.5 ml
10 mM dNTPs and 0.5 ml RNase inhibitor. The synthesis reaction was allowed
to proceed for 1 h at 42 °C, after which cDNA was stored at -20 °C or used
immediately. Additional information on all tested genes and the sequences for
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M
M
F
M
M
F
M
F
M
M
F
F
M

33
34
45
53
62
36
40
28
45
24
45
47
48

25
24
29
21
65
32
52
40
29
21
13
25
12

31
36
36
24
38
6.86
6.79
6.9
6.64
6.57
6.74
6.48
6.68
6.75
6.61
6.58
6.88
6.51

6.6
6.3
6.6
6.52
6.59
1640
1425
1350
1520
1490
1270
1590
1430
1514
1737
1170
1495
1410

1540
1440
1710
1550
1365
7,6
8,2
7,4
7,5
7,5
7,3
6,6
7,1
7,9
7,4
7,2
7,7
8,6

7,8
7,3
6,3
7,9
7,3
R DLPFC, R ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC

L DLPFC, L ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC
L DLPFC, L ACC

18
20
21
22
24
25
27
29
30
31
32
34
2

63
51
35
44
56

6,9
8,2
8,9
8

MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
Ctr

M
F
M
M
M

1780
1335
1280
1470

13
14
15
16
17

6.7
6.6
6.7
6.8

MDD
MDD
MDD
MDD
MDD

26
19
19
19

R DLPFC, R ACC
R DLPFC, R ACC
L DLPFC, L ACC
R DLPFC, R ACC

28
35
32
32

7
9
10
12

MDD
MDD
MDD
MDD

M
M
F
F

Brain Region
L DLPFC, L ACC
L DLPFC, L ACC
L DLPFC, L ACC

Table 2 Clinico-pathological information of patients with MDD and control subjects
Patient code Sex Age (y) PMD (h)
Brain pH BW (g) RIN
MDD
1
F
48
24
6.36
1330
8,0
MDD
3
F
40
49
6.72
1450
8,8
MDD
5
F
56
15
6.59
1370
8,4
Medication
TCA
SSRI
antidepressant*
SSRI
non-TCA,
SSRI
non-TCA
MAOI, TCA
TCA, SSRI
SNRI, anxiolytics
SSRI
SSRI
non-TCA
SARI, TCA
SARI
SNRI
TCA
TCA
-

Cause of Death
SUIC: OD
SUIC: HANGING
BURNS
SUIC: HANGING
SUIC: HANGING
SUIC: HANGING
SUIC: HANGING
SUIC: HANGING
UNKNOWN
SUIC: GSW
CARDIAC
SUIC: OD
SUIC: HANGING
SUIC: JUMPED
CARDIAC
CARDIAC
SUIC: STABBED
PULM EMBOL
OD
SUIC: OD
SUIC: HANGING
SUIC: OD
SUIC: OD
SUIC: GSW
CARDIAC

Psychotic feature
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
No
No
No
No
ND
Yes
Yes
Yes
No
No
No
No
No
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31
40
9
29
31
24

6.59
6.91
6.56
6.78
6.66
6.88

1520
1410
1535
1278
1400
1200

8
8,2
5,9
8,9
6,1
7,3

R DLPFC, R ACC
R DLPFC, R ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC

No
No
No
No
No
No

Psychotic feature
No
No
No
No
No

Cause of Death
CARDIAC
CARDIAC
CARDIAC
MVA
ACUTE ALCOHOL
POISONING
MVA
CARDIAC
MVA
CARDIAC
OBESITY
CARDIAC

* Type uncertain
Abbreviations: ACC, anterior cingulate cortex; BZD, benzodiazepine; BW, brain weight; Ctr, control; DLPFC, dorsolateral prefrontal cortex; F, female; GSW, gunshot wound;
L, left; MAOI, MAO inhibitor; MDD, major disorder depression; M, male; MVA, motor vehicle accidents; OD, overdose; PMD, postmortem delay; R, right; RIN, RNA
integrity number; SARI, Serotonin antagonist and reuptake inhibitors; SMRI, Stanley Medical Research Institute; SNRI, Serotonin-norepinephrine reuptake inhibitors; SSRI,
selective serotonin reuptake inhibitor; SUI, suicide; TCA, tricyclic antidepressant.

35
63
34
56
56
39

-

M
M
M
F
F
F

Ctr
Ctr
Ctr
Ctr
Ctr
Ctr

23
26
28
33
35
36

Medication
anxiolytics
-

Table 2 Continued, Clinico-pathological information of patients with MDD and control subjects
Patient code Sex Age (y) PMD (h)
Brain pH BW (g) RIN Brain Region
Ctr
4
F
50
35
6.31
1520
7,9 L DLPFC, L ACC
Ctr
6
M 50
11
6.5
1530
8,6 L DLPFC, L ACC
Ctr
8
M 63
37
6.5
1530
8
L DLPFC, L ACC
Ctr
11
M 24
17
6.6
1595
8,1 L DLPFC, L ACC
Ctr
19
M 44
27
6.82
1410
7,2 R DLPFC, R ACC
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each primer pair is shown in S-Table 1 (Chapter 3, P72) and our previous studies
(Zhao et al., 2015; Zhao et al., 2016). cDNA template (equivalent to 5 ng of total
RNA) was amplified in a final volume of 20 μl using a SYBR Green PCR master
mix (Applied Biosystems, CA, USA) and a mixture of forward and reverse primers
(each 2 pmol/µl) as described before (Wang et al., 2008; Zhao et al., 2012). Data
were acquired and processed automatically by the Applied Biosystems 7300 Real
Time PCR System. The specificity of amplification was checked by melting curve
analysis and electrophoresis of the products on an 8% polyacrylamide gel. Sterile
water and RNA samples without the addition of reverse transcriptase during
cDNA synthesis served as negative controls. The linearity of each Q-PCR assay
was tested by preparing a series of dilutions of the same stock cDNA in multiple
plates. To reduce the effect of sample variability, reference genes were selected
based on expression stability measurement (Vandesompele et al., 2002) and on
the proportion of explained variability regarding all target genes. A higher stability
of a reference gene means that its variance is relatively lower compared with the
other considered reference genes. Further, if the expression of a reference gene well
reflects the variability of the samples it is expected that its application should reduce
the overall variability of the target genes. Briefly: an initial selection of 6 possible
reference genes was made based on the gene expression data and reference gene
data from the literature. For the present study the most stable reference genes that
also explained a considerable proportion of the target gene variability appeared to
be actin-beta, tubulin-alpha, glyceraldehyde-3-phosphate dehydrogenase.

Statistical analysis
Statistical analysis was conducted with IBM SPSS (version 20, SPSS) and TIBCO
S+ software (version 8.2.0, TIBCO, Seattle, WA, USA). Differences in clock
time of death and month of death (circular parameters) between controls and
patients with mood disorders were tested with the Mardia-Watson-Wheeler
test. The gene expression values were 10log-tranformed before they were further
processed for statistical analysis. The transformation of the essentially exponential
expression data facilitates the application of reference gene correction and enables
conventional statistical methods. Thus, the residuals of the combination of selected
reference genes can be simply subtracted from the original target gene values to
obtain corrected gene expression values. To avoid misinterpretation of our results
because human postmortem data may not sufficiently conform to usually assumed
theoretical distributions of test statistics, we applied a non-parametric resampling
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procedure (Zhao et al., 2016). Resampling was performed without replacement
in two-group comparisons, thereby providing an alternative for the t-test. We
generated 999 replicates consisting of randomly reallocated patients over the
two groups in each comparison to obtain a permutation NULL distribution of
the test statistic. The obtained NULL distribution mimics the hypothesis that the
patients from either group actually belong to one and the same group (Davison
and Hinkley, 1997). As test statistic, we used T = (mean(group2) - mean(group1))
/se. In this formula se is the standard error of the difference in means. If our data
are normal with unknown, unequal variances in group2 and group1, while group1
and group2 observations actually belong to the same group, T should approximate
the t-distribution with Welch modified degrees-of-freedom. In that case, the
observed T-value would be sufficient to decide whether the two groups should be
considered as one or not. If it is uncertain how appropriate the t-distribution is,
the 999 permutation T-values together with the real observed T-value constitute
a sample of 1000 “resampled observations”, that can be used to estimate how
unusual the observed T-value is (Davison and Hinkley, 1997). Of course, the
observed T-value may be on either side of the mean, therefore twice the minimal
p-value was used to obtain a two-sided test (Zhao et al., 2016). P-values were
corrected for multiple testing using the Benjamini-Hochberg criterion (Benjamini
and Hochberg, 1995) and were considered statistically significant if their value was
less than 0.05. After statistical analysis, group mean expression levels were backtransformed and expressed as fold-changes to compare their mutual differences
(relative mRNA values in the figures).

RESULTS
Transcription of genes encoding glutamatergic synapse markers
As an indication for changes in excitatory synaptic transmission in the PFC of
MDD patients, we analysed Q-PCR values of 16 gene transcripts that encode
proteins characteristic for glutamatergic synapses. The glutamatergic markers
include genes encoding: AMPA-receptor subunits GRIA1, GRIA2, GRIA3, GRIA4;
kainate-receptor subunit GRIK1; NMDA-receptor subunits GRIN1, GRIN2A,
GRIN2B; metabotropic glutamate receptors GRM1 (mGluR1), GRM2 (mGluR2),
GRM3 (mGluR3); glutaminase (GLS); vesicular glutamate transporters VGLUT1,
VGLUT2; and membrane associated guanylate kinase (MAGUK) scaffolding
proteins DLG2 (PSD-93) and DLG4 (PSD-95).
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In the ACC of MDD-S patients, the gene expression of all of these markers except
mGluR3 was significantly increased (Figure 1A, Table 3 and Table 4). In contrast,
MDD-NS patients did not essentially differ from controls with respect to the
genes studied: while there is a general trend for reduction in the MDD-NS group,
which in most cases did not reach significance (except for PSD-93, P = 0.008).
For all glutamatergic markers we tested (except mGluR3) expression levels were
significantly higher in MDD-S versus MDD-NS patients (Figure 1A, Table 3 and
Table 4).
For the DLPFC, a different picture emerged (Figure 1B). Not only did we find
a significant elevation in the levels of glutamatergic markers between the MDD-S
patients and control subjects, but also between MDD-NS patients and control
subjects. For all genes tested, the levels in MDD-S are either similar or smaller
relative to MDD-NS patients (For more details, see Figure 1, Table 3 and Table
4). These findings indicate that the expression of genes involved in glutamatergic
transmission is predominantly changed in the DLPFC of MDD patients
irrespectively of whether or not they committed suicide, whereas in the ACC, the
changes in gene expression critically depended on suicide, but not on MDD.

Transcription of genes encoding GABAergic synapse markers
To assess whether MDD and suicide also lead to gene expression changes of
proteins characteristic for inhibitory synapses, we also tested the expression levels
of a selection of 16 GABAergic markers. As GABAergic markers we used: GABA
type A receptor subunits GABRA1, GABRA2, GABRA3, GABRA4, GABRA5,
GABRB1, GABRB2, GABRB3, GABRD, GABRE, GABRG2, GABRQ; GABA
type B receptor subunits GABBR1 and GABBR2; and GABA producing enzymes
GAD65 and GAD67.
Similar to glutamate-related genes, several of these GABA-related genes were
significantly increased in the ACC of MDD-S patients compared to MDD-NS
patients, and/or to control subjects (Figure 2A, and Table 3 and Table 4). There
was a general trend for a reduction in GABA-related genes in the MDD-NS group
compared to controls, which in most of cases failed to reach significance (except
for GABBR1, P = 0.043 and GAD65, P = 0.038). GABRA3 and GABRD were not
altered in depression per se, but showed a markedly higher expression in MDD-S
patients. (For more details, see Figure 2A, Table 3 and Table 4).
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Figure 1 Glutamate related genes in SMRI patients
Figure 1A is from the ACC of the SMRI patient cohort and Figure 1B is from the DLPFC of the SMRI
patient cohort. Transcript levels were expressed as fold-changes versus the control mean, and all P-values
correspond to two-sided tests. Values of P ≤ 0.05 were considered significant.
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-S,
major depressed patients that committed suicide; MDD-NS, major depressed patients that died from causes
other than suicide. * indicates P < 0.05, ** indicates P < 0.001. For explanation of abbreviations of genes see
S-Table 1 in Chapter 3, P72.
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Table 3 Significant changes of target genes in SMRI subjects
ACC
MDD-S/
MDD-NS
Glutamate related genes
GRIA1
↑
GRIA2
↑
GRIA3
↑
GRIA4
↑
GRIK1
↑
GRIN1
↑
GRIN2A
↑
GRIN2B
↑
mGluR1
↑
mGluR2
↑
mGluR3
=
GLS
↑
VGluT1
↑
VGluT2
↑
PSD-93
↑
PSD-95
↑
GABA related genes
GABRA1
↑
GABRA2
↑
GABRA3
↑
GABRA4
↑
GABRA5
↑
GABRB1
↑
GABRB2
↑
GABRB3
↑
GABRD
↑
GABRE
=
GABRG2
↑
GABRQ
↑
GABBR1
↑
GABBR2
↑
GAD65
↑
GAD67
↑

MDD-S /
Ctr

MDD-NS
/Ctr

DLPFC
MDD-S/
MDD-NS

MDD-S / MDD-NS
Ctr
/Ctr

↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
=
↑
↑
↑
↑
↑

=
=
=
=
=
=
=
=
=
=
=
=
=
=
↓
=

=
↓
↓
↓
=
↓
=
=
=
↓
=
=
=
=
=
=

=
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
=
=
↑
↑

↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
=
↑
↑

↑
↑
=
↑
↑
↑
↑
↑
=
↑
↑
↑
↑
↑
↑
↑

=
=
=
=
=
=
=
=
=
=
=
=
↓
=
↓
=

=
↓
↓
=
=
↓
=
↓
=
=
↓
=
↓
↓
=
=

↑
↑
=
=
=
=
↑
↑
=
=
↑
=
↑
↑
↑
↑

↑
↑
↑
↑
=
↑
↑
↑
↑
↑
↑
=
↑
↑
↑
↑

The differences among MDD-S, MDD-NS and Ctr in the SMRI were tested with permutation tests
respectively. The permutation P-values were corrected for multiple testing using the false discovery rate. P <
0.05 were considered significant. # indicates significant increase; $ indicates significant decrease; = indicates
no significant difference. For more detailed information on the result see Table 4.
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-S,
major depressive disorder who committed suicide; MDD-NS, major depressive disorder who died of nonsuicidal cause; For explanation of abbreviations of genes see S-Table 1 in Chapter 3, P72.
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In the DLPFC, gene expression was increased in the MDD-S and MDD-NS
group when compared to control subjects respectively, except for GABRA5 and
GABRQ. It should also be noted that GABRA3, GABRA4, GABRD, GABRE were
increased only in the MDD-NS patients compared to controls (P = 0.007, P =
0.026, P = 0.007 and P = 0.007, respectively) (For more details, see Figure 2B,
Table 3 and Table 4). These findings show that the expression of genes that encode
proteins involved in GABAergic transmission was predominantly increased in the
ACC of MDD-S patients, as well as in the DLPFC of both MDD-S and MDD-NS
patients.

Overall gene expression changes of glutamatergic and GABAergic
synapse markers
Table 3 and Figure 3 shows the general patterns that can be discerned in
the expression of genes examined in this study. For MDD-S patients, both
glutamatergic and GABAergic synaptic markers increased on average ~1.5-fold
in ACC as well as DLPFC. Notably, for MDD-NS patients a strikingly different
pattern became evident. In comparison with control subjects, gene expression of
both glutamatergic and GABAergic synaptic markers showed ~30% lower values
in the ACC of MDD-NS patients instead of higher values as seen in MDD-S
patients (Table 3 and 4). As a result, the mutual difference between MDD-NS and
MDD-S patients was 2.2-fold (P < 0.0001), i.e. larger than their separate differences
with the controls. These results indicate that gene expression changes of synaptic
proteins are in opposite direction in the ACC of MDD patients dependent on
whether they had committed suicide or not. In the DLPFC (Figure 1B, 2B, Table
3 and Table 4), both MDD-NS and MDD-S patients showed on average increased
gene expression as compared with controls. However, this increase was on average
20% higher in the DLPFC of MDD-NS patients compared with MDD-S patients
(P < 0.0001; Figure 3).
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Figure 2 GABA related genes in SMRI patients
Figure 2A is from the ACC of the SMRI patient cohort and Figure 2B is from the DLPFC of the SMRI
patient cohort. Transcript levels were expressed as fold-changes versus the control mean, and all P-values
correspond to two-sided tests. Values of P ≤ 0.05 were considered significant.
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-S,
major depressed patients that committed suicide; MDD-NS, major depressed patients that died from causes
other than suicide. * indicates P < 0.05, ** indicates P < 0.001. For explanation of abbreviations of genes see
S-Table 1 in Chapter 3, P72.
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Potential confounders
We checked the matching of age, gender, brain pH, brain weight, PMD, ethnicity,
history of substance abuse, severity of substance abuse or psychotic feature over
our experimental groups (Table 1), and found that these factors will not have
affected our conclusions. Although some of the group sizes were rather small,
they were thus well-matched for possible confounders. However, a recent study
concerning the DLPFC in relation with depression reported that gender may
affect the expression of glutamate related genes (Gray et al., 2015). With respect
to the comparison of MDD-S and MDD-NS Gray et al. observed that GRIN2B
and mGluR2 were higher expressed in the DLPFC of male MDD-S patients (Gray
et al. 2005). We found that female MDD-S had a lower expression of GRIA3
as compared with female MDD-NS in the DLPFC, and a higher expression of
mGluR1 in female MDD-S as compared with female MDD-NS in the ACC. The
disparaty between our results and those obtained by Gray et al. suggests that it
would be very important to dedicate future gene expression studies to the separate
analysis of females and males in the context of depression to shed more light on
this matter.
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4
MDD-NS

Figure 3 Plot for different gene expression profiles in ACC and DLPFC MDD-S vs MDD-NS
Each circle stands for a Glutamate related gene while GABA related genes are represented in squares. Each
dot (circle or square) represent a gene with the average expression in MDD-S group (X axis) and MDD-NS
(Y axis). ACC is in blue and DLPFC is in red. Note that the gene expression changes of synaptic proteins
are in opposite direction in the ACC of MDD patients dependent on whether they had committed suicide
or not.
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-S,
major depressed patients that committed suicide; MDD-NS, major depressed patients that died from causes
other than suicide.
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Table 4 Results of expression of target gene between the diagnostic groups and their matched control group.
SMRI cohort
Fold changes
p.perm
MDD-S/ MDD-S / MDD-NS /
MDD-S/
MDD-S /Ctr MDD-NS /Ctr
MDD-NS Ctr
Ctr
MDD-NS
ACC-Glutamate related genes
GRIA1
2,7
1,7
0,6
0,002**
0,006**
0,096
GRIA2
2,2
1,5
0,7
0,002**
0,004**
0,072
GRIA3
2,4
1,6
0,7
0,002**
0,002**
0,068
GRIA4
2,4
1,6
0,7
0,002**
0,002**
0,060
GRIK1
2,6
1,6
0,6
0,002**
0,002**
0,044*
GRIN1
1,9
1,4
0,7
0,002**
0,004**
0,138
GRIN2A
2,8
1,5
0,6
0,004**
0,008**
0,044*
GRIN2B
2,3
1,9
0,8
0,002**
0,002**
0,466
mGluR1
1,7
1,5
0,9
0,002**
0,002**
0,556
mGluR2
2,1
1,5
0,7
0,004**
0,012*
0,186
mGluR3
1,6
1,2
0,8
0,054
0,308
0,414
GLS
2,9
1,5
0,5
0,002**
0,006**
0,034*
VGluT1
1,9
1,6
0,9
0,002**
0,002**
0,316
VGluT2
3,2
1,9
0,6
0,002**
0,010*
0,328
PSD93
2,5
1,4
0,6
0,002**
0,002**
0,004**
PSD95
2,6
1,7
0,7
0,002**
0,002**
0,074
ACC-GABA related genes
GABRA1
3,0
1,8
0,6
0,002**
0,012*
0,150
GABRA2
1,8
1,6
0,9
0,002**
0,002**
0,680
GABRA3
2,8
1,4
0,5
0,004**
0,140
0,100
GABRA4
3,2
1,9
0,6
0,002**
0,006**
0,208
GABRA5
3,4
1,9
0,5
0,002**
0,006**
0,090
GABRB1
2,4
1,5
0,6
0,002**
0,002**
0,124
GABRB2
2,7
1,7
0,6
0,004**
0,010*
0,154
GABRB3
2,4
1,7
0,7
0,002**
0,002**
0,066

96
0,012*
0,008**
0,005**
0,005**
0,005**
0,008**
0,015*
0,005**
0,005**
0,021*
0,336
0,012*
0,005**
0,018*
0,005**
0,005**
0,021*
0,005**
0,164
0,012*
0,012*
0,005**
0,018*
0,005**

0,005**
0,005**
0,008**
0,005**
0,005**
0,005**
0,008**
0,005**

Bhadj.p
MDD-S /Ctr

0,005**
0,005**
0,005**
0,005**
0,005**
0,005**
0,008**
0,005**
0,005**
0,008**
0,077
0,005**
0,005**
0,005**
0,005**
0,005**

MDD-S/
MDD-NS

0,173
0,680
0,123
0,232
0,114
0,149
0,176
0,089

0,120
0,095
0,091
0,082
0,065
0,164
0,065
0,486
0,568
0,210
0,437
0,052
0,341
0,350
0,008**
0,096

MDD-NS /Ctr
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Table 4 Continued, Results of expression of target gene between the diagnostic groups and their matched control group.
SMRI cohort
Fold changes
p.perm
MDD-S/ MDD-S / MDD-NS /
MDD-S/
MDD-S /Ctr MDD-NS /Ctr
MDD-S/
MDD-NS Ctr
Ctr
MDD-NS
MDD-NS
GABRD
2,3
1,4
0,6
0,004**
0,214
0,078
0,008**
GABRE
1,5
1,7
1,1
0,124
0,014*
0,624
0,149
GABRG2
2,5
1,4
0,6
0,002**
0,014*
0,054
0,005**
GABRQ
3,2
2,4
0,7
0,014*
0,004**
0,544
0,023*
GABBR1
2,3
1,6
0,7
0,002**
0,002**
0,028*
0,005**
GABBR2
2,5
1,5
0,6
0,002**
0,004**
0,056
0,005**
GAD65
2,7
1,5
0,6
0,002**
0,012*
0,024*
0,005**
GAD67
3,3
1,6
0,5
0,002**
0,016*
0,058
0,005**
DLPFC-Glutamate related genes
GRIA1
0,7
1,5
2,1
0,094
0,052
0,002**
0,125
GRIA2
0,8
1,5
1,8
0,002**
0,016*
0,002**
0,007**
GRIA3
0,7
1,5
2,0
0,012*
0,004**
0,002**
0,023*
GRIA4
0,9
1,5
1,7
0,002**
0,004**
0,002**
0,007**
GRIK1
0,9
1,5
1,7
0,154
0,006**
0,002**
0,187
GRIN1
0,7
1,4
2,0
0,020*
0,002**
0,002**
0,034*
GRIN2A
0,8
1,8
2,2
0,106
0,012*
0,002**
0,139
GRIN2B
1,0
2,9
2,8
0,924
0,002**
0,002**
0,934
mGluR1
0,8
1,4
1,8
0,058
0,016*
0,004**
0,082
mGluR2
0,7
1,5
2,1
0,026*
0,006**
0,004**
0,042*
mGluR3
0,8
1,6
1,9
0,422
0,032*
0,002**
0,450
GLS
0,8
1,5
1,9
0,174
0,004**
0,004**
0,209
VGluT1
0,9
1,4
1,6
0,320
0,140
0,028*
0,361
VGluT2
0,8
1,9
2,3
0,598
0,150
0,040*
0,624
PSD93
0,8
1,6
1,9
0,316
0,028*
0,002**
0,361
PSD95
0,9
1,6
1,8
0,296
0,002**
0,002**
0,342
MDD-NS /Ctr
0,100
0,631
0,077
0,562
0,043*
0,079
0,038*
0,081
0,007**
0,007**
0,007**
0,007**
0,007**
0,007**
0,007**
0,007**
0,010*
0,010*
0,007**
0,010*
0,043*
0,059
0,007**
0,007**

Bhadj.p
MDD-S /Ctr
0,236
0,023*
0,023*
0,008**
0,005**
0,008**
0,021*
0,026*
0,075
0,028*
0,010*
0,010*
0,013*
0,007**
0,023*
0,007**
0,028*
0,013*
0,049*
0,010*
0,177
0,185
0,043*
0,007**
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MDD-NS /Ctr

0,010*
0,013*
0,007**
0,026*
0,059
0,010*
0,007**
0,007**
0,007**
0,031*
0,007**
0,314
0,007**
0,007**
0,013*
0,013*

Bhadj.p
MDD-S /Ctr

0,021*
0,031*
0,067
0,265
0,143
0,091
0,013*
0,007**
0,100
0,086
0,013*
0,419
0,007**
0,023*
0,010*
0,023*

The differences among MDD-S, MDD-NS and Ctr in the SMRI were tested with permutation tests respectively. The permutation P-values were corrected for multiple testing
using the false discovery rate. P < 0.05 were considered significant and marked as bold Italics, * indicates P < 0.05, ** indicates P < 0.001. Fold changes were calculated using
the mean gene expression values.
Abbreviations: ACC, anterior cingulate cortex; Bhadj.p, Benjamini-Hochberg adjusted p-values; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-S, major
depressive disorder who committed suicide; MDD-NS, major depressive disorder who died of non-suicidal cause; p.perm, p-values obtained using permutation tests; For
explanation of abbreviations of genes see S-Table 1 in Chapter 3, P72.

Table 4 Continued, Results of expression of target gene between the diagnostic groups and their matched control group.
SMRI cohort
Fold changes
p.perm
MDD-S/ MDD-S / MDD-NS /
MDD-S/
MDD-S /Ctr MDD-NS /Ctr
MDD-S/
MDD-NS Ctr
Ctr
MDD-NS
MDD-NS
DLPFC-GABA related genes
GABRA1
0,9
1,6
1,7
0,678
0,010*
0,004**
0,692
GABRA2
0,7
1,4
2,2
0,004**
0,018*
0,006**
0,010*
GABRA3
0,7
1,5
2,1
0,026*
0,046*
0,002**
0,042*
GABRA4
0,7
1,5
2,1
0,146
0,224
0,014*
0,182
GABRA5
0,8
1,6
1,9
0,384
0,110
0,040*
0,419
GABRB1
0,7
1,5
2,3
0,012*
0,066
0,004**
0,023*
GABRB2
0,8
1,8
2,1
0,468
0,006**
0,002**
0,494
GABRB3
0,8
1,4
1,7
0,022*
0,002**
0,002**
0,036*
GABRD
0,7
1,4
2,0
0,126
0,074
0,002**
0,161
GABRE
0,8
1,7
2,1
0,396
0,062
0,018*
0,427
GABRG2
0,8
1,4
1,9
0,006**
0,006**
0,002**
0,013*
GABRQ
1,0
1,3
1,3
0,964
0,380
0,268
0,964
GABBR1
0,8
1,4
1,8
0,004**
0,002**
0,002**
0,010*
GABBR2
0,7
1,4
1,9
0,002**
0,012*
0,002**
0,007**
GAD65
0,9
1,5
1,6
0,340
0,004**
0,006**
0,380
GAD67
0,9
1,5
1,6
0,608
0,012*
0,006**
0,628
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DISCUSSION
Several studies have suggested an increased expression of genes involved in
synaptic transmission in the PFC of MDD patients (Choudary et al., 2005;
Sequeira et al., 2007; Sequeira et al., 2009). However, since a large proportion of
the MDD patients in these studies were suicide victims, it was unclear whether
these gene changes were due to MDD or related to suicide. In brain material of
the well-characterized SMRI cohort, we found the expression of both glutamateand GABA-related genes to be increased in the ACC of MDD-S patients, as
compared to MDD-NS patients or to non-psychiatric control subjects. In contrast,
both GABA and glutamate-related genes were lower in the MDD-NS patients as
compared to control subjects, confirming our earlier study (Zhao et al., 2012).
Moreover, in the DLPFC, we found the expression of both glutamate- and
GABA-related genes to be decreased in the MDD-S patients compared to MDDNS patients. There was an increased expression in GABA and glutamate related
genes when MDD-S patients and MDD-NS were compared to non-psychiatric
control subjects. Together, our findings indicate that increases in glutamatergic
and GABAergic neurotransmission in the ACC is not related to MDD, but rather
to suicide, and MDD is associated with increases in GABA and glutamate related
genes in the DLPFC, irrespective of suicide.
By using the HG-U133AB chipset on 17 cortical and subcortical brain regions,
earlier studies also suggested that in particular glutamatergic and GABAergic
gene expression patterns may be associated with suicidality (Sequeira et al.,
2007; Sequeira et al., 2009; Sequeira et al., 2012; Turecki, 2014). The highest
number of suicide-specific alterations were found in several PFC subareas and
the hippocampus (Sequeira et al., 2009). Our current Q-PCR data on the Stanley
Foundation cohort confirms that the GABA and glutamate system are altered in
the PFC after suicide, and further suggest that these gene expression changes may
have a major impact on ACC functioning in MDD-S patients specifically.
Our findings that expression of almost all glutamate receptor subunits was
increased in MDD-S patients. Our findings are in line with a microarray study that
observed a global up-regulation of AMPA-receptors in suicide victims who suffered
from MDD as compared to non-psychiatric control subjects or suicide victims
without a history of MDD, although other psychiatric diagnoses were present in
the latter group of patients (Sequeira et al., 2009). This notion on AMPA-receptors
is further supported by our observation that suicide victims have an increased
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gene expression of PSD-93 and PSD-95. These membrane associate guanylate
kinases (MAGUK) scaffolding proteins are required for synapse stabilization and
their expression levels directly influence the average synapse strength or synapse
quantity (Keith and El-Husseini, 2008). Because the AMPA-, NMDA-, kainatereceptor, mGluR subunits and MAGUKs were all significantly increased in the
ACC of depressed patients who committed suicide, it is possible that, on average,
ACC neurons in suicide victims have stronger or more excitatory synapses.
Alternatively, ACC neurons of MDD-S patients suffer from a loss of glutamatergic
synapses, similar as DLPFC neurons (Kang et al., 2012), for which these neurons
try to compensate by increasing the production of glutamate receptor subunits
and MAGUKs. Recently, Gray and colleagues (Gray et al. 2015) have detected
differences in the expression of glutamate receptor genes in DLPFC of a mixed
group of MDD subjects (suicide victims and non-suicide victims), and similarly as
we, found that the most of the genes showed higher levels of expression in MDD
subjects as compared with non-psychiatric control subjects. Given the evidence
that AMPA receptor potentiators possess antidepressant-like properties (Neis et al.,
2016; Nishimura et al., 2005), our findings of abnormal AMPA receptor expression
regulation in MDD suggests that this may reflect a compensatory mechanism.
The altered gene expression in suicide may also influence behavioural
functioning of the patients. For example, if the PFC of a depressed patient is
activated while mood is still low, this could diminish the inhibition of impulsive
behaviour and lead to an increased risk to commit suicide. Increased activation
together with low mood may also be the basis of the increased risk of suicidal
behaviour reported among children and adolescents who start with SSRI treatment
(Barbui et al., 2009), and in studies that show a seasonal suicide peak when daylight
starts to increase in spring (Woo et al., 2012). In agreement with this possibility
a recent fMRI study showed altered frontal-based brain function (e.g., decreased
ACC functional connectivity with ventrolateral PFC/DLPFC) that directly relates
to past suicidal behaviour in schizophrenia (Minzenberg et al., 2016).
Earlier studies have shown alterations in molecular components of the
GABAergic system in relation to possible mechanisms that may underlie suicide
(Choudary et al., 2005; Klempan et al., 2009; Lee et al., 2009; Merali et al., 2004;
Sequeira et al., 2009). In support, we also found an overall increase in the expression
of genes encoding GABAergic proteins in both ACC and DLPFC of suicide victims.
Merali and others showed in their studies a dysregulation of GABA-A receptor
subunits, and the GABA-A receptor promoter was found to be hypermethylated
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in the frontal cortex of suicide victims compared to control subjects (Merali et
al., 2004; Poulter et al., 2008; Poulter et al., 2010). It has been shown that several
GABA-A receptor subunits were shown to be increased in depressed individuals
after accomplished suicide. For heteromeric proteins, like GABA-A receptors,
which have highly variable functions, it may be particularly important to have
the correct balance of receptor subunits (Nishimura et al., 2005). In that respect,
the increased GABRA4 mRNA level that we found, is interesting as it might play
a central role in tonic inhibition as opposed to phasic inhibition, the altered ratio
between GABRA4 and rest of GABA subunits suggesting that the balance between
these two modes of inhibition may be altered.
We found that mRNA expression of glutamatergic and GABAergic proteins are
similarly altered, leaving it unclear whether the overall balance between excitation
and inhibition might be disturbed in the suicide patients. Possibly these alterations
have started with variations in excitation in cortical regions and were followed
by proportional changes in inhibition (Atallah and Scanziani, 2009; Haider
et al., 2006; Okun and Lampl, 2008). Our findings support a scenario where
suicidal activity is characterized by an overall change in synaptic activity in ACC.
Functional magnetic resonance imaging has shown that neuronal activity of the
ACC was elevated in depressed patients who did a suicide attempt (Vannoy et al.,
2007), while suicide ideation was also associated with an increased error related
activation in the ACC (Barbui et al., 2009; Matthews et al., 2012).
In the DLPFC, reductions in GAD65/GAD67 immuno-positive neuropil (Gos
et al., 2009) and decreased GAD67 protein level with western blotting (Karolewicz
et al., 2010) were reported in subjects with MDD. It should be noted, however,
that both studies concerned a mixed group of suicide and non-suicide patients.
Neuroimaging studies also reported consistent reductions in GABA in MDD
(Sanacora et al., 2004; Sanacora et al., 1999; Sanacora and Saricicek, 2007; Schur
et al., 2016), or in relation to stress (Houtepen et al., 2017). In the present study,
we observed altered expression level of the majority of GABA receptor subunits
and enzymes in MDD patients in both ACC and DLPFC independent on whether
they did or did not commit suicide. It is tempting to speculate that this disrupted
GABAergic gene expression will have significantly contributed to the GABA
deficits observed by neuroimaging studies in MDD. Notably, gene microarray
analysis also observed an upregulation of GABRA1 and GABRB3 in the DLPFC of
subjects with depressive symptoms who committed suicide, which is in line with
our findings and idea (Choudary et al., 2005; Sequeira et al., 2007).
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Medication to treat depression is a potential confounder that is difficult to
analyse because some medication may have remained unreported. Below, we
briefly address the medication data in relation to our results. If we ignore possibly
combined medications, we found that tricyclic antidepressants (TCA, N = 6)
were associated with significantly decreased expression of 28 genes in the ACC
but not in the DLPFC. SSRI, (N = 7) showed no association with gene expression
in either ACC or DLPFC. Interestingly, a recent animal study also did not find
changes of GRIA1 and GRIA3 expression in the cortex of rats treated with the
SSRI fluoxetine (Duric et al., 2013). In our cohort, there were only two patients
(Number 17 and 31) who had been taking serotonin and norepinephrine reuptake
inhibitors (SNRI), therefore, we did not have enough observations to report on
such compounds. This also held for serotonin antagonist and reuptake inhibitors
(SARI, N = 5). Considering the possible implications for the interpretation of gene
expression involved in depression and suicide it will be important to study a very
large group of patients whose medication has been well documented.
The suicide-related gene expression changes that trended towards an elevation
(Figure 1A, 2A) appeared to be specific for the ACC; the changes towards a
reduction (Figure 1B, 2B) were mainly observed in the DLPFC. The ACC is a
cortical area that, among other things, has been linked to the emotional reaction
to pain rather than to the perception of pain itself (Price, 2000). Hence, the intense
psychological pain prior to the act of suicide may relate to hyperactivity at ACC
synapses. This possibility is supported by a coordinate-based meta-analysis of
functional MRI studies (van Heeringen et al., 2014). Further studies are needed
to establish whether selectively suppressing ACC activity by targeting GABA or
glutamatergic synapses locally, could be used as a therapeutic approach towards
the prevention of suicide. The emergence of intravenous ketamine therapy has been
celebrated as perhaps the “the most important break-though in antidepressant
treatment in decade” (Insel T, 2014). Studies showed that the antidepressant
responses to ketamine started at 3 to 4 hours post-infusion (Aan Het Rot et al.,
2012), and this rapid antidepressant effect is also true for patients with treatmentresistant depression (Fekadu et al., 2009; Nemeroff, 2007). Furthermore, ketamine
decreased suicidal ideation with treatment-resistant depression within 40 minutes,
and these decreases remained significant through the first 4 hours post-infusion
which appears that one of the earliest effects of the drug is a profound reduction
in suicidal thoughts (DiazGranados et al., 2010). The mechanism through which
ketamine infusion produces antidepressant effect remains obscure. A common
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hypothesis states that it acts by binding NMDA-receptors, thereby preventing
signaling processes triggered by the receptor (Adams and Moghaddam, 2001;
Moghaddam et al., 1997; Moghaddam and Adams, 1998). A recent study
proposed that it is a metabolite of ketamine called hydroxynorketamine (HNK)
that has antidepressant activity by increasing the levels of AMPA-receptors at
synapses, thereby enhancing neural activity (Zanos et al., 2016). The necessity
of AMPA activation implies that ketamine/HNK induces synaptogenesis by
increasing glutamate signaling rather than by protecting neurons from glutamate
excitotoxicity (Newport et al., 2015). The linkage between NMDA-receptor
antagonism and AMPA-receptor activation is crucial as it might help clarify how
ketamine/HNK can be neuroprotective in some contexts (Brunson et al., 2001;
Yan and Jiang, 2014) but potentially neurotoxic in others (Yan and Jiang, 2014; Yan
et al., 2014; Zuo et al., 2014). This dual potential of ketamine must be considered
when contemplating its therapy in the clinical setting.
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ABSTRACT
Background: Suicide occurs in some, but not all depressed patients. So far, it
remains unknown whether the studied stress-related candidate genes change in
depression, suicide or both. The prefrontal cortex (PFC) is involved in, among
other things, impulse control and inhibitory behaviour and plays an important
role in both suicide and depression.
Materials and Methods: We have employed Q-PCR to study 124 anterior
cingulate cortex (ACC) and dorsolateral PFC (DLPFC) brain samples, obtained
from two brain banks, from: i) young depressed patients (average age 43 years)
who committed suicide (MDD-S) and depressed patients who died from causes
other than suicide (MDD-NS) and from ii) elderly depressed patients (average
age 75 years) who did not commit suicide (DEP). Both cohorts were individually
matched with non-psychiatric non-suicide control subjects. We determined the
transcript levels of hypothalamic–pituitary–adrenal axis-regulating molecules
(corticotropin-releasing hormone (CRH), CRH receptors, CRH binding protein,
mineralocorticoid receptor/glucocorticoid receptor), transcription factors that
regulate CRH expression, CRH-stimulating cytokines, chaperone proteins,
retinoid signaling, brain-derived neurotrophic factor and tropomyosin-related
kinase B, cytochrome proteins, nitric oxide synthase (NOS) and monoamines.
Results: In the MDD-S group, expression levels of CRH and neuronal NOSinteracting DHHC domain-containing protein with dendritic mRNA (NIDD)
were increased. Other changes were only present in the DEP group, i.e. decreased
NIDD, and increased and 5-hydroxytryptamine receptor 1A (5-HT1A) expression
levels. Changes were found to be more pronounced in the ACC than in the DLPFC.
Conclusions: Depressed patients who committed suicide have different stressrelated gene expression patterns than depressed patients who died of causes other
than suicide.
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INTRODUCTION
Both depression and suicide are characterized by alterations in the stress response
(Bao et al., 2008; Pandey, 2013) and by complex patterns of alterations in various
brain regions and neurotransmitter systems (Gross-Isseroff et al., 1998). Different
lines of investigation indicate the involvement of the prefrontal cortex (PFC)
in depression, a brain region involved in, among other things, behavioural
inhibition and impulse control. There is also a negative correlation between the
severity of post-stroke depression and the distance between the brain injury
site and the frontal pole (Narushima et al., 2003). Imaging studies have shown
altered gray matter volume and thickness, and glucose metabolism and blood
flow in the dorsolateral PFC (DLPFC) and anterior cingulate cortex (ACC) of
depressed patients (Drevets et al., 2008). Furthermore, morphological studies have
shown reduced neuronal and glia cell densities in both the DLPFC and ACC in
depression (Cotter et al., 2001; Rajkowska et al., 1999). These alterations in the
PFC may contribute to a number of signs and symptoms of depression, such as
cognitive decline, negative self-evaluation, and suicidal tendencies (Elliott et al.,
2011). Concerning neurochemical alterations, monoaminergic receptors and
their transporters (serotonin, norepinephrine and dopamine) (Arranz et al., 1994;
Mann, 2003; Shelton et al., 2009) and corticotropin-releasing hormone (CRH) in
the hypothalamus: they have been frequently studied in relation to depression and
suicide (Jokinen and Nordstrom, 2009; Wang et al., 2008), both of which are closely
related to (regulation of) the stress response (Bao et al., 2008). In addition, CRH
neurons are also located in most regions of the PFC (Swanson et al., 1983) that are
part of the circuitry involved in modulating corticotropine, adrenocorticotroop
hormone or cortisol-mediated responsivity to stress (Diorio et al., 1993). Also
other neurotransmitters, such as the nitric oxide (NO) system, have drawn a
lot of interest due to their changes in depression and suicide (Gao et al., 2013;
Xing et al., 2002). Retinoid signaling, brain-derived neurotropic factor (BDNF)
and the gene that encodes its high-affinity receptor, tropomycin kinase B (TrkB),
have received considerable attention in human studies of suicidal behavior. Some
of these studies have revealed that people who commit suicide have decreased
mRNA and/or protein levels of BDNF, TrkB, or both, in the PFC (Ernst et al., 2009;
Maussion et al., 2014; Pandey et al., 2008). Their decreased expression correlated
with hypermethylation of the BDNF promoters in exons 4 and 9 (Roth et al., 2009).
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However, there is still no agreement on a particular molecular "signature", which
allows for distinguishing expression changes in depression per se from depression
with suicide. One problem that affects the interpretation of post-mortem studies on
this topic is the occurrence of suicide in many of the depression cohorts reported
in literature. For instance, postmortem studies that claimed to have determined
molecular alterations in relation to depression had in fact selected, in the diagnosis
group, depressed patients who (nearly) all committed suicide, and compared them
with control subjects without any psychiatric disorder and who did not commit
suicide (Bernard et al., 2011; Cotter et al., 2001; Dwivedi et al., 2006b; Martinsde-Souza et al., 2012; Rajkowska et al., 1999; Shelton et al., 2009). Vice versa, the
studies focused on suicide appeared to compare suicide cases to matched controls
without any psychiatric disorder (Dwivedi et al., 2006a; Dwivedi et al., 2006b;
Poulter et al., 2008; Thalmeier et al., 2008). Such methodological aspects have so
far made it impossible to distinguish neurochemical alterations due to depression
per se from those due to suicide.
We therefore investigated whether a series of stress-related candidate molecules
differ in their expression in depressed patients in relation to suicide. We studied a
Stanley Medical Research Institute (SMRI) patient cohort consisting of three groups:
major depressive disorder patients who committed suicide (MDD-S), MDD patients
who died of non-suicidal causes (MDD-NS), and control subjects without a psychiatric
disorder, to answer the question whether suicide is responsible for the altered gene
expression. In addition, elderly depressed patients who did not commit suicide (DEP)
and their matched controls from the Netherlands Brain Bank (NBB) were studied to
see what the alterations related to depression were, confirming the findings about
young MDD-NS from SMRI in elderly depressed non-suicide patients.

EXPERIMENTAL PROCEDURES
Subjects from the Stanley Medical Research Institute (SMRI)
All patients whose brain material was obtained from SMRI had given permission
for a brain autopsy and for the use of their brain material and clinical data for
research purposes. MDD diagnoses were based on the Diagnostic and Statistical
Manual of Mental Disorders (DSM)-IV and were made independently by two
senior psychiatrists based on medical records and, when necessary, telephone
interviews with family members. This systematized procedure was carried out as
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described before (Torrey et al., 2000). The demographic information and medical
data, including a life-long use of psychotropic medication and a history of drug
abuse provided by SMRI is shown in S-Table 1.
The SMRI frozen brain samples contained ACC (Brodmann area 24) and DLPFC
(Brodmann area 46) of MDD patients who died of suicide (MDD-S, N = 17); MDD
patients who died of non-suicidal causes (MDD-NS, N = 7); and matched control
subjects without a history of suicidal behaviour, or any psychiatric or neurological
diagnosis (N = 12). These 3 groups were matched for age, sex, race, brain weight,
postmortem delay (PMD), brain pH and hemispheric side (see Table 1A). All analyses
were performed by investigators blind to the source of the tissues and diagnosis.
Table 1A Demographic information for the SMRI subjects
MDD-S
MDD-NS
Age (years, range)
40 (24-63)
46 (36-56)
Gender (M/F)
10/7
3/4
Race
16W, 1H
7W
PMD (hours, range)
29.6 (13-65)
29.9 (15-52)
Brain pH
6.67 (6.36-6.88)
6.60 (6.30-6.90)
Brain Weight (gram,
1480 (1170-1780) 1441 (1270-1590)
range)
Side of Brain Frozen
10/7
5/2
(L/R)
9
3
Psychotic Feature1
Alcohol hx
11
5
2.18 (0-5)
1.29 (0-5)
Severity of Alcohol
abuse2
Drug hx
5
3
0.88 (0-4)
1.43 (0-4)
Severity of Substance
abuse2
1041.18 (0-6500) 1314.29 (0-3000)
Fluphenazine
(lifetime)3

Ctr
47 (24-63)
8/4
11W, 1H
25.3 (9-40)
6.64 (6.31-6.91)
1444.83 (1200-1595)

F or x2
1.404
1.034
0.529
0.541
0.565
0.295

P
0.260
0.596
0.744
0.587
0.574
0.747

6/6

0.838

0.658

6
2.08 (0-5)

0.100
1.029
0.509

0.752
0.598
0.606

4
0.75 (0-4)

0.403
0.471

0.817
0.629

-

0.121

0.732

Abbreviation: Ctr, control; F, female; hx, history; L, left; M, male; MDD-S, major depressed patients who
committed suicide; MDD-NS, major depressed patients died of causes other than suicide; PMD, postmortem
delay; R, right.
1
Psychotic Feature tested without controls
2
Substance abuse and alcohol abuse were rated on a scale of 0-5
3
Fluphenazine tested without controls

Subjects from the Netherlands Brain Bank (NBB)
Frozen ACC (Brodmann area 24) and DLPFC (Brodmann area 9) brain material
was obtained from the NBB from elderly depressed patients who died of nonsuicidal causes (MDD, N = 5; bipolar disorder (BD, N = 10) and matched controls
who did not have a psychiatric or neurological disease (N = 22). The MDD versus
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BD subgroup, and the combined DEP group versus the control group were wellmatched for age, sex, brain weight, clock time, month of death, PMD and brain
pH. Demographic information and P-value of parameter matches are given in
Table 2B, further clinico-pathological information has been described in our
previous study (Zhao et al., 2012) and is provided in S-Table 2.

Quantitative Real-time PCR (Q-PCR)
RNA isolation, cDNA synthesis and QPCR reactions were performed as described
before (Wang et al., 2008; Zhao et al., 2012). RNA integrity number (RIN), an
indicator of human postmortem tissue RNA quality, did not show any significant
difference between diagnostic groups in either the SMRI material or in the NBB
material. The genes detected were as follows, based upon previous studies by
our own group (Gao et al., 2013; Qi et al., 2013, 2015) hypothalamic–pituitary–
adrenal (HPA) axis regulation related genes, i.e. corticotropin-releasing hormone
(CRH), CRH receptor 1/2, CRH binding protein (CRHBP), mineralocorticoid
receptor/glucocorticoid receptor (MR/GR), vasopressin receptor-1α (AVP1α),
urocotin 3 (UCN3); transcription factor that regulates CRH expression: estrogen
receptor α/β (ERα/β), androgen receptor (AR), cAMP-response element-binding
protein (CREB); CRH-stimulating cytokines: interleukin-1β (IL1β) and tumor
necrosis factor-α (TNFα); chaperone proteins: heat shock protein 70 (HSP 70)
and HSP 90. Also, monoamine related genes: monoamine oxidase A (MAOA)
and MAOB, serotonin receptor 1A and 2A (5-HT1A and 5-HT2A), catecholO-methyltransferase (COMT), adrenoreceptor alpha 1a/2a, beta 1 (ADRA1A,
ADRA2A, ADRB1), dopamine receptor D1 and 2 (DRD1, DRD2); NOS related
genes: NOS1, NOS2, NOS3, NOS1-interacting DHHC domain-containing
protein with dendritic mRNA (NIDD); retinoic acid (RA) synthesizing enzymes:
retinaldehyde dehydrogenase 1,2,3 (RALDH 1,2,3); RA metabolic enzymes/
cytochrome P450 protein: cytochrome P450, family 26, A1, B1, C1 (CYP26A1,
B1, C1); RA cellular transport proteins: cellular RA binding protein 1, 2 (CRAPB1,
2); receptors mediating RA function: RARα, β, γ and retinoid X receptor α, β,
γ (RXRα, β, γ); BDNF; TrkB Total, targeting all TrkB isoforms; TrkB full-length
isoform (TrkB.FL); and TrkB-truncated isoform 1 (TrkB.T1).
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ACC
Ctr
80 (56-96)
9/3
12W
7.1 (4.5-10.3)
07:06 (2:00-21:30)
7 (2-12)
6.58 (5.80-7.16)
1351 (1125-1568)
2
1.5 (0-3)
12/0
F or x2
0.964
0,000
0,000
0.149
5.153
0.015
1,245
0,400
0,000

P
0.338
1,000
1,000
0.773
0.230
0.820
0.238
0.469
0.980
1.000
1,000

DEP
73 (45-90)
10/4
14W
7.3 (4.3-16.8)
12:09 (2:30-23:15)
7 (1-11)
6.44 (6.26-6.82)
1296 (1080-1490)
3
1.5 (0-3)
12/2

DLPFC
Ctr
80 (56-96)
10/4
14W
8.2 (2.7-24.7)
07:35 (0:01-17:45)
6 (3-11)
6.66 (5.80-7.39)
1319 (1054-1590)
4
1.1 (0-3)
14/0
F or x2
0.025
0,000
0,000
1.327
3.309
0.195
0,560
2,700
2,154

P
0,680
1.000
1.000
0.504
0.810
0.570
0.113
0.685
1,000
0,690
0,142

Abbreviation: ACC, anterior cingulate cortex; Ctr, control; CTD, clock time of death; DEP, depressed patients who did not die of suicide; DLPFC, dorsolateral prefrontal
cortex; F, female; g, gram; hh, hour; L, left; M, male; mm, minute; MTD, month time of death; PMD, postmortem delay; R, right; W, white caucasian.
1
Mardia-Watson-Wheeler test
2
Kolmogorov-Smirnov test

Age (years, range)
Gender (M/F)
Race
PMD (hours, range)
CTD (hh:mm, range)1
MTD (month, range)1
Brain pH
Brain Weight (gram, range)
ApoE (4x)2
Braak Stage (stage, range)2
Side of Brain Frozen (L/R)

DEP
75 (45-93)
9/3
12W
7.4 (4.3-16.8)
13:27 (2:30-23:00)
5 (1-10)
6.43 (6.26-6.64)
1307 (1080-1488)
4
1.5 (0-3)
12/0

Table 1B Demographic information for the NBB subjects
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Additional information on all tested genes and the sequences for each
primer pair used is shown in S-Table 3. Analysis of the qPCR data was carried
out as described before (Wang et al., 2008; Zhao et al., 2012). In short, after the
geNorm analysis, the geomean of the absolute amount of the following genes was
calculated to determine a reliable normalization factor that did not differ between
the diagnostic groups and their controls, to control for unspecific and nondisease-related changes (Vandesompele et al., 2002): Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), actin-beta (ACTβ), tubulin-alpha (TUBα), tubulinbeta 4 (TUBβ4) for the SMRI-ACC/DLPFC study, GAPDH, ACTβ, HPRT1
(hypoxanthine phosphoribosyltransferase 1), UBC (ubiquitin C), TUBα, TUBβ4
for the NBB-ACC study and GAPDH, ACTβ, HMBS, HPRT1, TUBα, TUBβ4
for the NBB-DLPFC study. The absolute amount of transcript obtained from the
target genes was divided by the normalization factor to get the normalized relative
value for the final statistical analysis.

Statistical Analysis
Statistical analysis was conducted with SPSS (version 16.0, SPSS Incorporation,
Chicago, IL). The Kolmogorov-Smirnov test was used to check whether the data
were normally distributed. Gene expression values appeared to be normally
distributed in most cases, otherwise log-transformation or subsequently square
root transformation or reciprocal transformation were performed. For threegroup comparisons, data were analyzed for multiple comparisons using oneway analyses of variance (ANOVAs) for repeated measures where appropriate,
followed by post-hoc Least Significant Difference test. The two-group comparisons
were performed with the unpaired Student’s t-test. Benjamini and Hochberg’s
correction was followed for multiple testing. To rule out possible confounders, the
analysis of covariance (ANCOVA) was conducted if there was correlation between
confounders and gene expression. The ANCOVA model, used for the expression
levels of each gene, revealed the diagnostic group as a main effect and PMD and/
or age as covariates. Tests were 2-tailed and values of P ≤ 0.05 were considered
significant. Fold changes were calculated using the mean gene expression values.
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RESULTS
Altered mRNA Expression Levels in Suicide and Depression
In the ACC of SMRI patients, CRH transcripts were up-regulated in the MDD-S
patients and compared to MDD-NS patients (1.98 fold changes, P = 0.003) and
to the control group (1.56 fold changes, P = 0.008), while no differences were
observed between MDD-NS patients and control subjects (P = 0.405) (Figure
1A). In the DLPFC, we could not find any significant differences between MDD-S,
MDD-NS, and control subjects (P = 0.487, Figure 1B). In the NBB cohort, there
was no significant change in CRH expression between DEP and control subjects
either in the ACC (P =0.104, Figure 1C) or DLPFC (P = 0.855, Figure 1D). IL1β
showed a trend for an increased expression in the ACC of MDD-S patients (P =
0.076).

5

Figure 1 Alteration in CRH in the ACC/DLPFC in the Stanley Medical Research Institute (SMRI) and
Netherlands Brain Bank (NBB) patient cohorts In the ACC of SMRI patient cohort, a significant increase
was found for CRH mRNA expression in MDD patients who had committed suicide compared to the MDD
patients who died of non-suicidal causes (or control subjects) (A), while in the DLPFC there was no
significant change (B). In the NBB patient cohort, there was no significant difference between elderly
depression patients who did not commit suicide and control subjects, either in the ACC (C) or DLPFC (D).
All data are mean ± SEM. Asterisk indicates P ≤ 0.05.
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Table 2A Results of expression of stress-related target genes in the ACC and DLPFC between the diagnostic groups and their matched control groups.
SMRI-ACC
SMRI-DLPFC
Mean
Fold changes
Mean
Fold changes
Ctr MDD-S MDDMDD-S/ MDD-S MDD- P-value P-value* Ctr
MDD-S MDD- MDD-S/ MDD-S MDDP-values
NS
MDD/Ctr
NS /
NS
MDD/Ctr
NS /Ctr
NS
Ctr
NS
Hypothalamic-pituitary-adrenal axis regulation related genes
CRH
0,36 0,56
0,28
1,98
1,56
0,79
0,003
0,32 0,31
0,28
1,14
0,97
0,86
0.487
CRHR1
1,01 1,22
0,83
1,46
1,21
0,83
0,091
0,73 0,87
0,63
1,37
1,19
0,87
0,332
CRHR2
0,42 0,38
0,44
0,87
0,91
1,05
0,767
0,15 0,13
0,15
0,86
0,84
0,98
0,457
CRHBP
3,85 4,62
3,66
1,26
1,20
0,95
0,140
0,399
2,80 2,82
2,24
1,26
1,01
0,80
0,583
GR
0,77 0,82
0,68
1,21
1,07
0,89
0,653
0,63 0,50
0,43
1,15
0,79
0,69
0,325
MR
0,46 0,49
0,48
1,00
1,05
1,04
0,928
1,07 1,06
1,23
0,86
0,99
1,15
0,801
urocotin3 0,55 0,45
0,68
0,66
0,82
1,23
0,448
1,56 1,92
1,69
1,13
1,23
1,09
0,539
Transcription factor that regulate CRH expression
AR
0,15 0,13
0,10
1,34
0,92
0,69
0,295
0,51 0,47
0,58
0,81
0,91
1,12
0,333
ERa
2,38 2,83
2,07
1,37
1,19
0,87
0,202
0,543
0,33 0,26
0,43
0,60
0,77
1,28
0,174
ERb
4,99 6,02
4,56
1,32
1,21
0,91
0,065
0,69 0,86
0,75
1,14
1,24
1,08
0,372
CREB
4,11 3,87
4,06
0,95
0,94
0,99
0,910
0,37 0,40
0,29
1,38
1,08
0,78
0,123
CRH-stimulating cytokines
TNFa
1,47 1,49
0,97
1,54
1,01
0,66
0,128
0,38 0,39
0,20
2,00
1,03
0,51
0,627
IL1β
0,44 0,25
0,19
1,31
0,57
0,44
0,076
0,872
0,37 0,40
0,29
1,38
1,07
0,78
0,123
Chaperone proteins
HSP90
0,85 0,91
0,86
1,05
1,07
1,01
0,442
0,86 0,88
0,86
1,03
1,03
1,00
0,926
HSP70
4,33 5,66
3,72
1,52
1,31
0,86
0,300
4,97 5,56
5,25
1,06
1,12
1,06
0,850
AVPR1α 0,20 0,24
0,15
1,62
1,21
0,74
0,278
1,34 1,34
1,40
0,96
1,00
1,05
0,223
Retinoid signaling, BDNF and TrkB related genes
BDNF
0,98 1,06
1,00
1,06
1,08
1,02
0,108
0,13 0,15
0,10
1,47
1,13
0,77
0,372
TrkB.total 0,27 0,34
0,29
1,19
1,28
1,08
0,392
0,11 0,12
0,10
1,19
1,03
0,87
0,280
TrkB.FL
2,24 2,40
2,56
0,94
1,07
1,14
0,685
0,828
0,31 0,34
0,46
0,75
1,09
1,47
0,113
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0,439

0,744

P-values*
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Table 2A Continued, Results of expression of stress-related target genes in the ACC and DLPFC between the diagnostic groups and their matched control groups.
SMRI-ACC
SMRI-DLPFC
Mean
Fold changes
Mean
Fold changes
Ctr MDD-S MDDMDD-S/ MDD-S MDD- P-value P-value* Ctr
MDD-S MDD- MDD-S/ MDD-S MDDP-values P-values*
NS
MDD/Ctr
NS /
NS
MDD/Ctr
NS /Ctr
NS
Ctr
NS
TrkB.T1 0,22 0,28
0,25
1,13
1,30
1,15
0,073
0,57 0,57
0,59
0,95
0,99
1,04
0,875
RARa
0,22 0,27
0,20
1,32
1,24
0,94
0,060
0,28 0,33
0,33
1,00
1,17
1,17
0,448
RARb
0,33 0,40
0,41
0,98
1,22
1,24
0,267
0,64 0,69
0,83
0,83
1,07
1,29
0,271
RARv
0,60 0,62
0,66
0,94
1,02
1,09
0,784
0,61 0,56
0,76
0,74
0,92
1,24
0,068
RXRa
0,32 0,34
0,37
0,93
1,08
1,17
0,519
0,30 0,38
0,40
0,97
1,26
1,31
0,394
RXRb
0,54 0,47
0,55
0,86
0,88
1,03
0,787
0,77 0,66
0,73
0,90
0,87
0,96
0,474
RXRv
0,20 0,21
0,20
1,05
1,03
0,99
0,901
0,53 0,52
0,67
0,78
0,98
1,25
0,410
CRABP1 2,20 2,36
2,03
1,16
1,07
0,92
0,641
1,84 1,82
1,97
0,93
0,99
1,07
0,475
CRABP2 0,11 0,10
0,16
0,63
0,96
1,51
0,319
0,300
0,53 0,52
0,67
0,78
0,98
1,25
0,126
RALDH1 0,63 0,62
0,60
1,03
0,98
0,96
0,970
1,76 1,82
1,86
0,98
1,03
1,06
0,445
RALDH2 0,42 0,46
0,35
1,32
1,09
0,83
0,338
0,37 0,37
0,41
0,92
1,01
1,09
0,840
0,459
RALDH3 0,98 0,84
0,83
1,01
0,85
0,85
0,062
0,105
0,14 0,12
0,16
0,78
0,86
1,11
0,375
0,680
cytochrome P450 protein
P450A
0,20 0,24
0,25
0,93
1,18
1,27
0,402
0,44 0,45
0,49
0,92
1,03
1,13
0,666
0,506
P450B
0,65 0,67
0,44
1,53
1,03
0,67
0,144
0,77 0,88
0,73
1,21
1,15
0,96
0,384
0,708
P450C
0,84 0,90
1,03
0,87
1,06
1,22
0,729
0,34 0,29
0,31
0,93
0,84
0,90
0,466
NOS related genes
NOS1
0,49 0,51
0,55
0,93
1,04
1,12
0,673
0,578
0,41 0,44
0,45
0,99
1,07
1,08
0,833
NOS2
0,84 0,86
0,90
0,95
1,02
1,07
0,957
0,17 0,18
0,24
0,73
1,00
1,38
0,359
NOS3
0,67 0,65
0,77
0,84
0,97
1,15
0,604
0,10 0,10
0,12
0,83
1,00
1,20
0,652
NIDD
0,45 0,56
0,38
1,47
1,24
0,84
0,016 0,050
0,22 0,25
0,21
1,19
1,12
0,95
0,721
0,554
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The differences among MDD-S, MDD-NS and Ctr groups were analyzed for multiple comparisons using one-way analyses of variance (ANOVAs) followed by post-hoc Least
Significant Difference test. The ANCOVA model, used for the expression levels of each gene, revealed the diagnostic group as a main effect and PMD and age as covariates.
Tests were 2-tailed and values of P ≤ 0.05 were considered significant (typed in italic bold front for recognition). Fold changes were calculated using the mean gene expression
values. Asterisk indicates corrected P from ANCOVA model, and the blank means there is no correlation between target gene expression and PMD/age.
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-S, major depressive disorder who died of suicide; MDD-NS, major
depressive disorder who died of non-suicide cause; SMRI, Stanley Medical Research Institute. For abbreviations of gene see S-Table 3.

Table 2A Continued, Results of expression of stress-related target genes in the ACC and DLPFC between the diagnostic groups and their matched control groups.
SMRI-ACC
SMRI-DLPFC
Mean
Fold changes
Mean
Fold changes
Ctr MDD-S MDDMDD-S/ MDD-S MDD- P-value P-value* Ctr
MDD-S MDD- MDD-S/ MDD-S MDDP-values P-values*
NS
MDD/Ctr
NS /
NS
MDD/Ctr
NS /Ctr
NS
Ctr
NS
Monoamine related genes
MAOA
0,51 0,87
0,87
1,00
1,69
1,69
0,113
0,39 0,36
0,49
0,74
0,93
1,26
0,535
MAOB
0,49 0,67
0,82
0,82
1,38
1,68
0,094
1,38 1,32
1,40
0,94
0,96
1,01
0,376
COMT
1,25 0,93
1,23
0,76
0,75
0,99
0,240
1,12 0,88
1,10
0,80
0,78
0,98
0,200
5HT1A
0,20 0,23
0,23
1,02
1,16
1,14
0,757
0,879
0,36 0,39
0,32
1,22
1,08
0,89
0,577
5HT2A
0,24 0,34
0,27
1,23
1,40
1,13
0,337
0,14 0,14
0,14
1,03
1,05
1,02
0,931
ADRA1A 0,50 0,51
0,54
0,95
1,04
1,09
0,837
2,20 2,52
2,20
1,15
1,15
1,00
0,249
ADRA2A 1,13 1,23
1,02
1,21
1,08
0,90
0,103
0,088
0,23 0,23
0,26
0,86
1,01
1,17
0,733
0,538
ADRB1
1,02 1,74
1,71
1,02
1,71
1,68
0,122
0,223
0,81 0,86
0,88
0,98
1,06
1,08
0,910
DRD1
1,65 1,99
1,68
1,18
1,21
1,02
0,488
0,21 0,20
0,27
0,75
0,95
1,28
0,395
DRD2
0,28 0,31
0,29
1,05
1,08
1,02
0,904
2,66 1,67
2,16
0,77
0,63
0,81
0,156
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0,52
0,11
0,81
1,18
0,68
2,16
0,09
0,17
0,82
1,15
0,20

0,81

0,11
0,65
1,22
0,50
2,04
0,11
0,14
0,89
0,98
0,18

1,00
1,25
0,97
1,35
1,06
0,88
1,21
0,93
1,17
1,13

0,64

Fold changes
DEP / Ctr

0,986
0,177
0,716
0,037
0,099
0,567
0,199
0,690
0,065
0,690

0,026

P-values

P-value*

1,08

0,53
0,88
0,46
1,13
0,28
0,41
0,64
1,17
1,05
0,97
0,17

0,49
0,72
0,39
0,90
0,27
0,39
0,65
1,17
1,02
0,92
0,37

1,23
1,18
1,25
1,04
1,06
0,99
1,00
1,03
1,06
0,46

Fold changes
DEP / Ctr

NBB-DLPFC
Mean
Ctr
DEP

0,236
0,427
0,238
0,695
0,656
0,954
0,994
0,624
0,631
0,062

0,556

P-values

0,652

0,922

0,794

P-value*

To find the differences between DEP and Ctr groups tests were performed with the unpaired Student’s t-test. The ANCOVA model, used for the expression levels of each
gene, revealed the diagnostic group as a main effect and PMD and age as covariates. Tests were 2-tailed and values of P ≤ 0.05 were considered significant (typed in italic
bold front for recognition). Fold changes were calculated using the mean gene expression values. Asterisk indicates corrected P from ANCOVA model, and the blank means
there is no correlation between target gene expression and PMD/age.
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; DEP, depression patients who died of non-suicide cause; NBB, Netherlands
Brain Bank. For abbreviations of gene see S-Table 3.

NOS related genes
NIDD
Monoamine related genes
MAOA
MAOB
COMT
5HT1A
5HT2A
ADRA1A
ADRA2A
ADRB1
DRD1
DRD2

NBB-ACC Genes
Mean
Ctr
DEP

Table 2B Results of expression of stres-related target genes in the ACC and DLPFC between the diagnostic groups and their matched control groups.
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The transcript level of NIDD, a protein involved in the NO signaling pathway,
was increased in the MDD-S patients compared to MDD-NS patients (2.18 fold
changes, P = 0.009) and to control subjects (1.52 fold changes, P = 0.045) in the
ACC-SMRI cohort, while there was no difference between MDD-NS patients
and controls (P = 0.337, Figure 2A). A decreased NIDD transcript level in the
ACC-NBB was found in the DEP patients compared to the control subjects (36%
reduction, P = 0.026, Figure 2C), NIDD transcript levels were unchanged in
the DLPFC-NBB patients (P = 0.556, Figure 2D). In the ACC-NBB cohort, we
found a significant increase in 5-HT1A mRNA levels in DEP patients compared
to the matched controls (1.35 fold changes, P = 0.037, Figure 3C), while no such
difference was found in the DLPFC (P = 0.695, Figure 3D). In the SMRI patient
cohort, we did not find any significant change of 5-HT1A among the diagnosis
groups in either ACC (P = 0.757, Figure 3A) or DLPFC (P = 0.577, Figure 3B).
Other monoamine-related genes (MAOA, MAOB, COMT, 5-HT2A, ADRA1A,
ADRA2A, DRD1, DRD2), whether from the SMRI or the NBB collection, did not
show any significant difference in their mRNA expression (Table 2A, 2B). All these
changes remained significant after ANCOVA testing to control for PMD and age,
except NIDD-SMRI transcript levels, which became a trend (P = 0.060).

Figure 2 Alteration in NIDD in the ACC/DLPFC in the SMRI and NBB patient cohorts. In the ACC of
SMRI patient cohort, a significant increase was found for NIDD mRNA expression in the MDD patients
who committed suicide compared to the MDD patients who died of non-suicidal causes (or control subjects)
(A), while in the DLPFC there was no significant change (B). In the NBB patient cohort, there was a
significant decrease of NIDD mRNA expression in elderly depression patients who did not commit suicide
compared to control subjects in the ACC (C), but not in the DLPFC (D). All data are mean ± SEM. Asterisk
indicates P ≤ 0.05.
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Figure 3 Alteration in 5HT1A in the ACC/DLPFC in the SMRI and NBB patient cohorts. In the ACC of
the SMRI patient cohort, there were no significant changes in the 5HT1A mRNA expression among the
MDD patients who died of suicide, the MDD patients who died of non-suicidal causes and control subjects,
neither in the ACC (A) nor in the DLPFC (B). In the NBB patient cohort, there was a significant increase of
5HT1A mRNA expression in elderly depression patients who did not die of suicide compared to control
subjects in the ACC (C), but not in the DLPFC (D). All data are mean ± SEM. Asterisk indicates P ≤ 0.05.

There was no significant difference in transcript levels of RA/TrkB-related
genes among MDD-S patients, MDD-NS patients and control subjects in either
ACC- or DLPFC-SMRI. See Table 2A for the transcript expression of all target
genes.
To explore what aspects of suicide cause gene transcription changes in the
ACC, further analysis was carried out on the SMRI material to assess whether the
suicide method played a role. The SMRI depressed suicide victims were divided
into two subgroups: violent suicide (hanging, jumping, shooting and stabbing, N
= 12) and non-violent suicide (drug overdose, N = 5). Subsequently the significant
genes (CRH, NIDD, and 5-HT1A) were compared between these two subgroups.
Higher mRNA expression levels of CRH were present in the violent suicide
subgroup compared to the suicide victims who died of non-violent methods
(P = 0.013).
After the Benjamini and Hochberg correction for multiple testing, the
significant changes in ACC-SMRI CRH, ACC-NBB NIDD and 5HT1A survived.
Only the significance in ACC-SMRI NIDD was lost.
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Different Pattern of Gene Expression Changes in Suicide and Depression
When we listed all significant changes in either NBB or SMRI patient cohort (table
3) for the CRH-, retinoid signaling-, BDNF-, TrkB- and NOS-related genes of the
present and of our previous studies on the same NBB material (Gao et al., 2013; Qi
et al., 2013; Qi et al., 2015), it became clear that suicide and depression clearly have
different patterns of significant changes in these genes.
Table 3 Significant changes of stress-related target genes in suicide (SMRI) and depression (NBB).
Gene
SMRI-ACC
SMRI-DLPFC
NBB-ACC
NBB-DLPFC
CRH related genes (A)
CRH
↑
₌
₌
₌
ER2
₌
₌
₌
↑1
MR
₌
₌
$1
$1
IL1β
₌
₌
₌
₌, $1
Retinoid signaling, BDNF and TrkB related genes (B)
CRABP1
₌
₌
₌
$2
RALDH1
₌
₌
$2
$2
RALDH3
₌
₌
$2
$2
RXRα
₌
₌
₌
$2
RXRβ
₌
₌
₌
$2
2
TrkB.FL
₌
₌
$
$
TrkB.T1
₌
₌
$2
$2
2
BDNF
₌
₌
$
$2
NOS related genes (C)
NOS1
₌
₌
₌
$3
NIDD
↑
₌
₌
$
Monoamine related genes (D)
5HT1A
₌
₌
↑
₌
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; DEP,
depression patients who died of non-suicide cause; MDD-S, major depressive disorder who died of suicide;
MDD-NS, major depressive disorder who died of non-suicide cause; NBB, Netherlands Brain Bank; SMRI,
Stanley Medical Research Institute. For abbreviations of genes see S-Table 3.
Significant genes determined in SMRI and NBB material from the present study and previous studies (genes
A1, B2 and C3), are listed according to Brain Bank and brain area. # increase when compared MDD-S to
MDD-NS, or MDD-S to Ctr in the SMRI patient cohort, or DEP to Ctr in the NBB patient cohort; $ decrease
when compared DEP to Ctr; = no significant difference when compared MDD-S to MDD-NS, or MDD-S to
Ctr in the SMRI patient cohort, or DEP to Ctr in the NBB patient cohort.
1
Qi, X.R., Kamphuis, W., Wang, S., Wang, Q., Lucassen, P.J., Zhou, J.N., Swaab, D.F., 2012. Aberrant stress
hormone receptor balance in the human prefrontal cortex and hypothalamic paraventricular nucleus of
depressed patients. Psychoneuroendocrinology. 38: 863-70.
2
Qi, X.R., Zhao, J., Liu, J., Fang, H., Swaab, D.F., Zhou, J.N., 2015. Abnormal Retinoid and TrkB Signaling in
the Prefrontal Cortex in Mood Disorders. Cereb Cortex. 25: 75-83.
3
Gao, S.F., Qi, X.R., Zhao, J., Balesar, R., Bao, A.M., Swaab, D.F., 2013. Decreased NOS1 expression in the
anterior cingulate cortex in depression. Cereb Cortex. 23: 2956-64.
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Potentially Confounding Effects
No significant differences were found between the groups in terms of age, gender,
brain pH, brain weight, PMD, hemisphere side, ethnicity, history of substance
abuse, severity of substance abuse or psychotic features (Table 1A and 1B),
indicating that these variables will not have affected our conclusions. The average
age of the patient groups in the SMRI cohort, however, was lower compared to the
NBB cohort (SMRI; 44 years and NBB: 75 years). There was also a big difference in
PMD between the two cohorts (SMRI: 28.19 h and NBB: 7.55 h). The ANCOVA
model with age and PMD as covariates used in our study further controlled for
these two possible confounders (see below). As to psychosis, which was present
in some of the subjects in the SMRI patient cohort, differentially expressed
genes were compared by with/without psychosis, and none of the comparisons
were significant (P ≥ 0.300). Additionally, we have combined MDD and BD in
the NBB collection, since these disorders share similarities with regard to their
neurobiological underpinnings (Bao et al., 2008) and with respect to some
structural and functional cortical alterations (Drevets et al., 2008). Furthermore,
when we compared gene expression levels between subgroups with BD and MDD
for each brain area, there was no significant difference (Gao et al., 2013; Qi et al.,
2015). Therefore, MDD and BD patient data were pooled.
While possible effects of medication on gene expression are always a limitation
in post-mortem human brain studies, we do not think it has been a major
confounder in our results, even with our small group sizes. For instance, for the
5-HT1A gene in the NBB collection, no difference was found in mRNA levels
between patients taking antipsychotics (02-051, 06-011, 06-026) and those not
taking antipsychotics or antidepressants in the last 3 months. The same holds for
the patients taking benzodiazepines (00-074, 06-021, 06-026, 07-033, 07-060).
One patient who was taking selective serotonin reuptake inhibitors (SSRI, 01-074)
and two patients who were taking lithium (06-021, 06-075) were within the middle
range of the observed expression levels. For the CRH and NIDD genes in the SMRI
material, no differences were found in mRNA levels between patients taking SSRIs
(DC3, DC7, DC12, DC16, DC20, DC21) and those taking no SSRIs. The same
holds for the patients taking serotonin antagonist and reuptake inhibitors (SARI,
DC12, DC13, DC24, D25, D30). It should be noted that the patients who were
taking tricyclic antidepressants (TCA, DC1, DC14, DC16, DC25, DC32, DC34)
showed significantly lower CRH and NIDD expression levels. Consequently,

127

5

Chapter 5

should such medication have influenced our data, it would rather be expected
to have decreased, not increased, CRH and NIDD levels in the suicide group, as
we had observed in our present study. The CRH and NIDD mRNA levels of two
patients who were taking serotonin–norepinephrine reuptake inhibitors (DC17,
DC31) were intermingled with the other data points, and one patient taking
monoamine oxidase inhibitors (DC14) was within the middle range.

DISCUSSION
In an attempt to understand the biological processes associated with depression
and suicide, one approach has been to study molecular changes in brain tissue
obtained from patients that suffered from these disorders. So far, many postmortem studies have searched for candidate genes, but there is considerable
inconsistency in the reported results, which limits our understanding of the
pathophysiology of these disorders. We show here that the composition of cohorts,
i.e. the proportion of suicide patients in the material studied for depression, and
the absence of appropriate disease controls in the material studied for suicide may
explain at least some of the discrepancies in the literature. Studies comparing
depressed suicide victims with healthy control subjects that did not suffer from
psychiatric disorders cannot distinguish whether the changes found are related
to the underlying psychiatric disorders or to the suicide itself. Our present
study shows that there are indeed alterations in stress-related gene expression
levels that are only present in patients who committed suicide (increased CRH
and NIDD), or only present in relation to depression without suicide (increased
5-HT1A and decreased NIDD) in the ACC. One important conclusion therefore
is that appropriate disease controls such as depressed, non-suicide patients and,
if possible, non-depressed suicide victims, are necessary to better understand the
full spectrum of molecular alterations in depression and suicide.
CRH plays a central role in the regulation of the HPA axis, which is a central
system in the stress response. The action of CRH on ACTH release results in an
increase in cortisol, while MR and GR are involved in the negative feedback.
Depression, both with and without suicide, is characterized by alterations in stress
systems (Bao et al., 2008; Braquehais et al., 2012; Wang et al., 2008). Recently, we
have shown in the NBB cohort of depression patients that did not commit suicide
that there is an aberrant MR and GR balance in the ACC (Qi et al., 2013). In the

128

Stress-related gene expression in depression and suicide

present study, MR or GR mRNA did not show significant differences in relation
to suicide when we compared the ACC of the MDD-S compared to MDD-NS
patients, but we did observe up-regulated CRH-mRNA expression in the MDD-S
patients. There was no difference in CRH-mRNA between the MDD-NS patients
and controls, while CRH mRNA expression remained unaltered also in elderly
depressed patients who did not commit suicide (Qi et al., 2013). Merali and his
colleagues reported elevated CRH levels in several frontal cortical brain regions of
depressed suicide victims (Merali et al., 2004). However, due to the absence of a
disease control group, they could not draw the conclusion whether these changes
were due to depression or to suicide. Bringing all data together, increased CRHmRNA expression in the ACC seems thus to be related to suicide rather than to
depression per se. One may thus speculate that the depression-like effects observed
following intra-cerebroventricular injection of CRH in rats (Holsboer, 2001) or
the overexpression of CRH in transgenic mice (Lu et al., 2008) may show a greater
resemblance to alterations found in depressed patients who died of suicide than
to major depression per se. Moreover, we found that there was increased CRHmRNA expression in those patients who died of violent suicide. Interestingly, an
animal model showed that the acute stress increased the CRH mRNA expression
in the PFC (Meng et al., 2011). Whether the increased cortical CRH is related to
the cause of violent suicide or to the stress of violent suicide should be studied in
the future. In addition, there was a trend towards increased expression of IL1β,
a powerful CRH-stimulating pro-inflammatory cytokine, in the MDD-S patient
group, but not in the depression patients who did not commit suicide, which thus
also seems to be related to suicide rather than to depression.
NO generated by NOS1 plays a significant role in modulating the activity of
the stress system during acute stress. NIDD is a NOS1-interacting protein, which
increases the NOS1 enzyme activity by targeting it to the synaptic membrane
(Saitoh et al., 2004). We found an increased NIDD transcript level in the ACC
of MDD-S patients, while no significant change of NOS1 mRNA was present.
This was different from the decreased NIDD gene expression in the NBB patient
cohort, who were older, did not commit suicide, and had a diminished NOS1mRNA expression as we reported before (Gao et al., 2013). These findings
indicate that both NIDD and NOS1 have their own specific expression patterns in
depression and suicide. Seeing the role that NIDD plays in synaptic function, our
data suggest that differences may exist in synaptic plasticity in the ACC of suicide
and depression patients.
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Monoaminergic systems are considered to be crucial for the stress response
and determine, at least partly, the vulnerability to mood disorders and suicidal
behavior as a response to depression (Mandelli and Serretti, 2013). It was therefore
remarkable to find no significant change in any monoamine-related transcript
in the ACC/DLPFC in the MDD patients with or without suicide. In the elderly
NBB cohort, we found elevated 5-HT1A mRNA levels in the ACC of DEP cohort.
This extends a previous finding of increased 5-HT1A binding in the raphe
nucleus in elderly depression patients (Meltzer et al., 2004). The present finding
is also consistent with a genetic meta-analysis showing that the G allele in the
5HT1A gene, which is associated with higher expressions of 5-HT1A receptors
(Lemonde et al., 2003), is related to depression (Kishi et al., 2013). Recent studies
have also shown that there are alterations in 5-HT1A levels in depressed/stressed
subjects (Cheetham et al., 1990; Jovanovic et al., 2011; Miller et al., 2013). This
is in line with a transgenic mouse model that is modified to produce increases
in 5-HT1A autoreceptor levels and displaying increased depressive-like behaviors
(Richardson-Jones et al., 2010). In the current study, the MDD-NS group from
the SMRI cohort is relatively small (N = 7). However, the larger group of nonsuicide patients from the NBB cohort, which also consisted of patients who did
not commit suicide, can compensate for this limitation. It is true that the average
age of these two cohorts is different: SMRI (y = 44 ± 12) and NBB (y = 77 ± 12).
Some postmortem studies (Arango et al., 1997; Dillon et al., 1991), but not others
(Palego et al., 1997), have found aging effects on 5-HT1A receptor density and we
therefore checked the correlation between 5-HT-1A and age, and found an inverse
correlation in the ACC of the MDD-S patients (r = -0.619, P = 0.011). This is in
line with PET studies showing that 5-HT1A binding declines with age (Tauscher
et al., 2001). However, such a correlation was absent from the MDD-NS group,
DEP group and from the control groups. As the group size of MDD-NS was so
small, there might be a chance that age had an effect on the data. We thus corrected
for age together with PMD, the other major difference between the two cohorts.
With age and PMD as covariates in the ANCOVA model the changes of 5-HT1A
appeared to occur independently of these two factors. Our finding of increased
5-HT1A mRNA levels in the ACC in relation to depression but not to suicide
illustrates again the problem with the interpretation of the discrepancies reported
in the literature on 5-HT1A alterations in postmortem material where depressed
and suicide patients are mixed in order to study depression (Lowther et al., 1997;
Yates and Ferrier, 1990).
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Retinoid signaling is involved in the stress response (Hu et al., 2013). In our
previous study we found that mRNA expression of key components of retinoid
signaling, such as RALDH1 and 3, RXRα and β, and CRABP1, and the mRNA
levels of BDNF and TrkB isoforms were significantly reduced in the ACC of nonsuicide depressive patients in the NBB patient-cohort (Qi et al., 2015). The same
genes were now detected on the SMRI material, but we did not find any of these
changes, either between MDD-S and MDD-NS patients, or between MDD-NS
patients and control subjects, which suggests that these alterations are related to
depression rather than to suicide in elderly individuals.
In conclusion, different expression changes were present in relation to
depression and suicide. These changes were observed in the ACC, but not in the
DLPFC. In our study, different genes (increased CRH and NIDD) were linked to
suicide, while increased 5-HT1A and decreased NIDD were related to depression.
These two disorders thus seem to have their own specific expression changes.
This makes it necessary to include appropriate disease controls to disentangle the
molecular differences between depression and suicide.
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SMRI
code
DC1
DC3
DC5
DC7
DC9
DC10
DC12
DC13
DC14
DC15
DC16
DC17

DC18
DC20
DC21
DC22
DC24
DC25
DC27
DC29

MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD

MDD
MDD
MDD
MDD
MDD
MDD
MDD
MDD

M
M
F
M
M
F
M
F

F
F
F
M
M
F
F
M
F
M
M
M

Sex

33
34
45
53
62
36
40
28

48
40
56
28
35
32
32
63
51
35
44
56

Age (y)

25
24
29
21
65
32
52
40

24
49
15
26
19
19
19
31
36
36
24
38
6.86
6.79
6.9
6.64
6.57
6.74
6.48
6.68

6.36
6.72
6.59
6.7
6.6
6.7
6.8
6.6
6.3
6.6
6.52
6.59

PMD (h) Brain pH

1640
1425
1350
1520
1490
1270
1590
1430

1330
1450
1370
1780
1335
1280
1470
1540
1440
1710
1550
1365
7,6
8,2
7,4
7,5
7,5
7,3
6,6
7,1

8,0
8,8
8,4
6,9
8,2
8,9
8
7,8
7,3
6,3
7,9
7,3

BW (g) RIN

R DLPFC, R ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC

L DLPFC, L ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC
R DLPFC, R ACC
L DLPFC, L ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC
L DLPFC, L ACC

Brain Region

S-Table 1 Clinico-pathological information of patients with MDD and control subjects (SMRI collection)

SUPPLEMENTARY MATERIALS

-

non-TCA
SARI, TCA

-

SSRI
SSRI

-

TCA, SSRI
SNRI, anxiolytics

-

non-TCA, SSRI
non-TCA
MAOI, TCA

-

TCA
SSRI
antidepressant*
SSRI

Medication

Yes
Yes
Yes

ND

No
No
No
No

Psychotic
feature
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No

SUIC: HANGING
SUIC: JUMPED
CARDIAC
CARDIAC
SUIC: STABBED
PULM EMBOL
OD
SUIC: OD

SUIC: OD
SUIC: HANGING
BURNS
SUIC: HANGING
SUIC: HANGING
SUIC: HANGING
SUIC: HANGING
SUIC: HANGING
UNKNOWN
SUIC: GSW
CARDIAC
SUIC: OD

Cause of Death
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DC23
DC26
DC28
DC33
DC35
DC36

MDD
MDD
MDD
MDD
Ctr
Ctr
Ctr
Ctr
Ctr
Ctr

Ctr
Ctr
Ctr
Ctr
Ctr
Ctr

M
M
M
F
F
F

M
M
F
F
M
F
M
M
M
M

Sex

35
63
34
56
56
39

45
24
45
47
48
50
50
63
24
44

Age (y)

31
40
9
29
31
24

29
21
13
25
12
35
11
37
17
27
6.59
6.91
6.56
6.78
6.66
6.88

6.75
6.61
6.58
6.88
6.51
6.31
6.5
6.5
6.6
6.82

PMD (h) Brain pH

1520
1410
1535
1278
1400
1200

1514
1737
1170
1495
1410
1520
1530
1530
1595
1410
8
8,2
5,9
8,9
6,1
7,3

7,9
7,4
7,2
7,7
8,6
7,9
8,6
8
8,1
7,2

BW (g) RIN

SARI
SNRI
TCA
TCA

-

L DLPFC, L ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC
R DLPFC, R ACC
R DLPFC, R ACC
R DLPFC, R ACC
L DLPFC, L ACC
L DLPFC, L ACC
R DLPFC, R ACC

anxiolytics

-

Medication

Brain Region

No
No
No
No
No
No

Psychotic
feature
No
No
No
No
No
No
No
No
No
No

SUIC: HANGING
SUIC: OD
SUIC: OD
SUIC: GSW
CARDIAC
CARDIAC
CARDIAC
CARDIAC
MVA
ACUTE ALCOHOL POISONING
MVA
CARDIAC
MVA
CARDIAC
OBESITY
CARDIAC

Cause of Death

* Type uncertain
Abbreviations: ACC, anterior cingulate cortex; BZD, benzodiazepine; BW, brain weight; Ctr, control; DLPFC, dorsolateral prefrontal cortex; F, female; GSW, gunshot wound;
L, left; MAOI, MAO inhibitor; MDD, major disorder depression; M, male; MVA, motor vehicle accidents; OD, overdose; PMD, postmortem delay; R, right; RIN, RNA
integrity number; SARI, Serotonin antagonist and reuptake inhibitors; SMRI, Stanley Medical Research Institute; SNRI, Serotonin-norepinephrine reuptake inhibitors; SSRI,
selective serotonin reuptake inhibitor; SUI, suicide; TCA, tricyclic antidepressant.

SMRI
code
DC30
DC31
DC32
DC34
DC2
DC4
DC6
DC8
DC11
DC19

S-Table 1 Continued, Clinico-pathological information of patients with MDD and control subjects (SMRI collection)
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135

136

01-074

02-051

06-011

06-026

07-033

00-074

00-088

00-111

02-014

MDD

MDD

MDD

MDD

MDD

BD

BD

BD

BD

M

M

M

M

M

M

F

M

M

68

70

73

78

88

70

60

81

45

16:46

4:50

5:15

7:35

6:37

7:15

4:20

6:00

7:00

00:00

02:45

09:30

23:00

21:15

08:00

16:10

15:30

02:30

2

10

7

6

5

3

1

6

6

6.64

6.26

6.38

6.27

6.26

6.50

ND

6.50

6.55

1424

1490

1260

1227

1225

1415

1080

1345

1427

7.2

-

7.5

6.7

7.0

7.9

8.1

8.0

7.0

8.1

6.9

7.2

7.3

7.3

8.4

8.9

7.3

8.0

33

33

33

43

L
33
DLPFC,
L ACC

L
DLPFC,
L ACC
L
DLPFC,
L ACC
R
DLPFC,
L ACC
L
DLPFC

L
43
DLPFC,
L ACC

R
43
DLPFC
L ACC
L
43
DLPFC,
L ACC
L
33
DLPFC,
L ACC

1

1

2

0

2

1

1

3

0

No

No

Mo

anticonvulsant, BZD,
Mo
BZD

No

No

Yes

Yes

Yes

antipsycho- Yes
sis, BZD, Mo

antipsychosis, corticosteroid

Subdural
hematoma

Cardiac
arrest, ileus

Dehydration

Multiple
epileptic
seizures
Colon cancer

Respiratory
insufficiency

Euthanasia
due to
carcinoma

Renal
insufficiency

Pontine
hemorrhage

Suicide Cause of
Ideation death

antipsychosis No

Medication (last 3
months)
SSRI

antipsycho- antipsychosis, BZD,
sis, Mo
ECT, Li
antipsycho- None
sis, CBZ, Li,
MAOI

BZD, CBZ,
ECT, Li

antipsychosis, BZD,
TCA
antipsychosis, antiestrogen,
BZD, Mo,
SSRI
antipsychosis, BZD,
corticosteroid
anticonvulsant, BZD,
Li, Mo
antipsychosis, BZD, Li

BZD, SSRI

S-Table2 Clinico-pathological information of patients with MDD, BD and control subjects (NBB collection)
NBB
Sex Age PMD CTD MTD Brain BW
RIN
RIN
Brain
ApoE Braak Medication
number
(y)
(h)
(h)
pH
(g) (ACC) (DLPFC) Region
stage in the past
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06-021

06-075

07-076

97-058

99-118

07-060

00-067

01-033

01-086

04-049

04-057

BD

BD

BD

BD

BD

BD

Ctr

Ctr

Ctr

Ctr

Ctr

F

F

M

M

M

M

M

F

F

F

M

81

77

88

75

73

93

68

90

79

80

70

6:40

8:20

7:00

6:20

12:45

6:00

5:55

6:30

7:25

9:30

6:23

13:10

07:55

03:00

06:10

00:01

21:10

23:15

10:15

03:10

09:30

13:07

8

7

7

3

6

9

10

5

11

10

3

7.16

6.48

6.84

6.18

ND

6.37

6.82

ND

6.26

6.33

6.53

1164

1312

1398

1180

1267

1459

1204

1143

1231

1190

1488

7.5

5.9

-

-

-

7.7

-

7.1

-

6.3

7.0

8.2

6.1

8.1

7.3

7.8

-

7.7

7.4

7.2

6.3

7.1

1
1
0
1

32
33

L
33
DLPFC
L
43
DLPFC

None

1
1

BZD, CBZ,
ECT
ECT, Li,
MAOI,
TCA
Li

BZD, corticosteroid
BZD

1

None

3

32

L
32
DLPFC
L
32
DLPFC,
L ACC
L
33
DLPFC,
L ACC

BZD, TCA,
SSRI
ND

2

43

Li

1

33

Li

3

33

L
DLPFC,
L ACC
L
DLPFC,
L ACC
L
DLPFC
L
DLPFC,
L ACC
L
DLPFC
L ACC

S-Table 2 Continued, Clinico-pathological information of patients with MDD, BD and control subjects (NBB collection)
NBB
Sex Age PMD CTD MTD Brain BW
RIN
RIN
Brain
ApoE Braak Medication
number
(y)
(h)
(h)
pH
(g) (ACC) (DLPFC) Region
stage in the past

Mo

TCA

Mo

Mo

ND

BZD

None

MAOI

CBZ, Mo

corticosteroid, Li

Medication (last 3
months)
BZD, Li

-

-

-

-

-

No

Yes

No

No

No

No

Euthanasia

Cachexia and
uremia

Cardiac
ischemia
Cachexia,
renal failure
Massive lung
embolism
Dehydration,
adenocarcinoma, pneumonia
Heart failure

Lung
embolism

ND

Cerebral
Contusion,
pneumonia
Acute heart
death

Suicide Cause of
Ideation death
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138

05-019

05-034

05-044

05-068

06-037

96-052

97-039

97-156

98-006

99-111

Ctr

Ctr

Ctr

Ctr

Ctr

Ctr

Ctr

Ctr

Ctr

Ctr

F

M

F

M

M

M

M

M

M

M

88

50

77

87

73

66

56

80

56

74

5:40

8:30

2:40

4:00

9:10

7:45

9:15

7:15

14:00

5:00

03:05

11:00

08:30

15:00

11:30

17:45

04:45

07:15

00:01

02:00

9

1

11

4

5

5

10

6

5

4

6.67

6.65

6.37

7.39

ND

6.70

6.54

5.80

7.03

6.70

1054

1436

1235

1506

1500

1590

1553

1376

1323

1125

-

-

-

-

-

-

7.9

5.2

-

8.1

6.9

7.5

8.2

8.3

8.5

7.8

-

5.7

8.5

8.3

43

33

33

43

L
33
DLPFC

L
43
DLPFC

L
43
DLPFC
L
33
DLPFC
L
33
DLPFC

L
33
DLPFC

L
DLPFC,
L ACC
L
DLPFC
L
DLPFC,
L ACC
L ACC

3

0

1

3

2

0

0

0

0

3

BZD, Prednisolone

None

None

None

None

corticosteroid

None

None

corticosteroid, Salbutamol
ND

S-Table 2 Continued, Clinico-pathological information of patients with MDD, BD and control subjects (NBB collection)
NBB
Sex Age PMD CTD MTD Brain BW
RIN
RIN
Brain
ApoE Braak Medication
number
(y)
(h)
(h)
pH
(g) (ACC) (DLPFC) Region
stage in the past

None

None

None

None

None

corticosteroid

None

Mo

ND

-

-

-

-

-

-

-

-

-

MedicaSuicide
tion (last 3
Ideation
months)
antipsycho- sis, BZD, Mo

Myocardial
infarction
Septic shock,
pancreas
carcinoma
Cardiac
arrest, septic
shock
Cardial
decompensation, peritonitis

Acute
myocardial
infarction
Ruptured
abdominal
aorta
aneurysm
Cardiac arrest

Cachexia and
dehydration

Heart failure

Bronchus
carcinoma

Cause of
death

Chapter 5

06-080

97-143

97-043

95-062

05-073
04-020

Ctr

Ctr

Ctr

Ctr

Ctr
Ctr

M
M

M

M

M

F

M

87
96

80

68

79

89

87

6:05
5:23

4:30

10:10

6:00

6:25

10:20

08:05
13:27

14:30

09:05

06:10

21:30

04:00

10
2

6

4

10

12

3

6.96
6.70

6.22

7.08

6.51

6.46

6.32

1568
1204

1400

1547

1392

1210

1356

7.8
7.4

5.4

8.5

8.6

7.1

7.5

-

-

-

-

-

33
32

33

33
33
33
33

L ACC
L ACC

L ACC

L ACC
L ACC
L ACC
L ACC

3
1

2

2

1

2

1

Epinephrine

None

chemo, Mo, None
steroid drug
None
None
None
Mo

None

BZD, steroid drug

antipsycho- None
sis, BZD

ND

Medication (last 3
months)
Mo

-

-

-

-

-

-

Pneumonia

Pneumonia,
heart
infarction
Ruptured
abdominal
aorta
aneurysm
Metastasized
adenoand lung
carcinoma
Heart
infarction
Renal failure

Suicide Cause of
Ideation death

Abbreviations: ACC, anterior cingulate cortex; BD, bipolar disorder; BZD, benzodiazepine; BW, brain weight; CBZ, carbamazepine; CTD, clock time of death; Ctr, control;
DLPFC, dorsolateral prefrontal cortex; MTD, month time of death; ECT, electro-convulsive treatment; F, female; L, left; Li, lithium; MAOI, MAO inhibitor; MDD, major
disorder depression; Mo, morphine; M, male; NBB, Netherlands Brain Bank; ND, no data; PMD, postmortem delay; R, right; RIN, RNA integrity number; SSRI, selective
serotonin reuptake inhibitor; TCA, tricyclic antidepressant.

05-017

Ctr

S-Table 2 Continued, Clinico-pathological information of patients with MDD, BD and control subjects (NBB collection)
NBB
Sex Age PMD CTD MTD Brain BW
RIN
RIN
Brain
ApoE Braak Medication
number
(y)
(h)
(h)
pH
(g) (ACC) (DLPFC) Region
stage in the past
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139

140

CRH related genes
AR
Androgen receptor
AVPR1α
vasopressin receptor-1α
CREB
cAMP-response element-binding
protein
CRHR1
Corticotrophin-releasing hormone
receptor 1
CRHR2
Corticotrophin-releasing hormone
receptor 2
CRH
Corticotrophin-releasing hormone
CRHBP
Corticotrophin-releasing hormone
binding protein
ER1
Estrogen receptor 1
ER2
Estrogen receptor 2
GRα
Glucocorticoid receptor α
MR
Mineralocorticoid receptor
HSP70
Heat shock protein 70
HSP90
Heat shock protein 90
IL1β
Interleukin-1β
TNFα
Tumor necrosis factor-α
UCN3
Urocotin3
Retinoid signaling, BDNF and TrkB related genes
CRABP1
Cellular retinoic acid-binding protein
1
CRABP2
Cellular retinoic acid-binding protein
2
CYP26A1
Cytochrome P450, family 26,
subfamily A, polypeptide 1

S-Table 3 Information on gene and primers
Gene
Official full name

CGAAGAAGAGCATGTAGGTGA

AATAATCTCCATGAGTTTCCTGTTG NM_000756
GGCGTCATCTTGGAAGGG
NM_001882
CGGAACCGAGATGATGTAGCC
TTCCATGCCCTTGTTACTCG
TGTTTGGAAGCAATAGTTAAGGAG
CCAAGAATACTGGATTAGGGT
CGGCTCGCTTGTTCTGGCT
TGGTATCATCAGCAGTAGGGTCA
GGCAGGGAACCAGCATCT
CAGCCTTGGCCCTTGAAGA
GAAGATGGGCTTGGCTTTGTAG
TCACGGGTCCAGTAGGTTTT
CCCATTTCACCAGGCTCTTA
TTACTCTTCAGCTCTTCTCGC

CCACATCCGAGACAATCCA
CATCTCCCTGGATCTCACCTTC
AGGTTGCGAGGGAATAGGAG
TCTTGGACAGGAACCAGGGAA
TGCTTTGGTTTGGGTGATTG
CCATTGTCAAGAGGGAAGGAA
AAGTCGTGAAGTGGGCAAAG
AGGCTGGTGAACCACTTCGT
CGCTCCTGTCTTCTGGCTTC
CCGACCACCACTACAGCAA
GGCGTGGAGCTGAGAGATA
CGGGGAGAGATGCTGATGC
AGAAGGCTTTGAGGAGGAGA
ACATCAAAACCTCCACCACC
GGCACTAAAGCAATCTTCAAC

NM_057157

NM_001878

NM_004378

NM_000125
NM_001437
NM_001018077
NM_000901
NM_005345
NM_005348
NM_000576
NM_000594
NM_053049

NM_001883

NM_004382

TGGCAGAACGGACCTCACT

CGGGTCGTCTTCATCTACTTCA

NM_000044
NM_000706
NM_134442 73

NCBI reference
number

AGGTGCCTCATTCGGACA
TGATGGTAGGGTTTTCCGATTC
CTCCTCCCTGGGTAATGG

Primer sequences (Reverse)

GTCAACTCCAGGATGCTCTACT
CTTTTGTGATCGTGACGGCTTA
ACCACTGTAACGGTGCCAAC

Primer sequences (Forward)

135

111

132

82
118
119
83
73
117
86
88
108

109
96

87

100

101
75
73

Amplicon
length
(bp)

Chapter 5

Cytochrome P450, family 26,
subfamily B, polypeptide 1
CYP26C1
Cytochrome P450, family 26,
subfamily C, polypeptide 1
RALDH1
Retinaldehyde dehydrogenase 1
RALDH2
Retinaldehyde dehydrogenase 2
RALDH3
Retinaldehyde dehydrogenase 3
RARα
Retinoic acid receptor α
RARβ
Retinoic acid receptor β
RARγ
Retinoic acid receptor γ
RXRα
Retinoid X receptor α
RXRβ
Retinoid X receptor β
RXRγ
Retinoid X receptor γ
TrkB.FL
Tropomyosin-related kinase B, full
length isoform
TrkB.T1
Tropomyosin-related kinase B,
trancated isoform 1
TrkB.total
tropomyosin-related kinase B, all
isoforms
BDNF
Brain-derived neurotrophic factor
NOS related genes

CYP26B1

NM_019885
NM_183374
NM_000689
NM_003888
NM_000693
NM_000964
NM_000965
NM_000966
NM_002957
NM_021976
NM_006917
NM_006180
NM_001007097
NM_006180
NM_170731

CGCCTCCAAATCTACCTGA
CACAGCCGACTCCTTCAGC
TATCTCCTTCTTCTACCTGGC
CACAGCATAGTCCAAGTCAGC
AAGCCACCAAATGGAGCCTGT
TGGCGAACTCCACAGTCTTA
TTGGGGTCAAGGGTTCAT
GCTCAGCCCTTCTCCTTTG
TGCCTTGAGATATTCATTCGA
ATGGGAGAACCCGACAAAT
CAAGAGTGGTCATCGCTTCCTA
TGGTGATGCCAAAGTACTGG
CACCACAGCCCCTTTCTC
CACAGACGCAATCACCACC
GCTCCCAACTTGACTTCTCC

GCCCTCGACCTAATCATTCAC
ACTTACCTGTCCTACTCACCG
TCACAGGGTCTACTGAGGTT
AAAGAGCGAATAGCACCGACT
CTGGGCAAATACACTACGAAC
CTAAAGGTGCAGAGCGTGTA
AGACCCTGCCATTCCACA
AGCGGTTACCAGTGTTTTGTG
GGGCAGAACCAAGAACATAAAC
TCTCAAACGCACTATGTGGACTC
GGAGTAACACTCCATCTTCTTCG

AACCTTCTGCCCATCCTGT

ATGACATCGGGGACACCA

CACTCCAAGTTTGGCATGAA

GTGCCTCTGCCTTATCCC

NCBI reference
number

Primer sequences (Reverse)

Table S3 Continued, Information on gene and primers
Gene
Official full name
Primer sequences (Forward)

85

113

98

147
134
151
118
111
104
134
134
111
102

78

Amplicon
length
(bp)
92
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142
GTTCTTGCCCCATTTCC
AGTTCCATCTTTCACCCAC
TCCATACACAGGACCCG
ACCAGTCCTCCTTCGCTT

CCAGAAACAGAGGGCAGGT
TCTCCTGTCCTCCATTTGTT
GGGGAGTAGGGAAGGAGAT
GGCACAAGGGGTAGGAC
CACCACATCACCACAAACAG
CAGGAGGATTGGTCTTTGG
CCCCATAGTCAGCACTTTCG
CTCCCATCCCTTCCCAAAC
ACACAGAGGTTGAGGATGGA
GATGGTTTTCAGCAGCCTCT
TGGCAAATGCTTTCGCTCT

AGCAGTTTGCCTCCCTA
GCCCTTTACTTGACCTCC
CGAGTGAAGGCGACAAT
TCTCAACAATCGCACAACA

TAAATGGTCTCGGGAAGGTG
TCTCTGCTCTCTGGTTCCTG
CTGGGAAACGAAGAGGAGT
GTGAGGCAAGGTGACGAT
CTACACAGGCAGGAGGACTA
GACGGATGGCGTTTGTG
GTGTTCCCTCTCTCCCTCCA
AGCCCACAATCCTCGTCTG
AAGGCAGTGGCTGAGATTG
TTTCCTCTCTCCTGTTTCCC
TTCGTATTGCGCCGCTAGA

NOS1
NOS2
NOS3

Nitric oxide synthase 1, neuronal
Nitric oxide synthase 2, inducible
Nitric oxide synthase 3, endothelial
cell
NIDD
Neuronal nitric oxide synthase
(nNOS)-interacting DHHC domaincontaining protein with dendritic
mRNA
Monoamine related genes
MAOA
Monoamine oxidase A
MAOB
Monoamine oxidase B
COMT
Catechol-O-methyltransferase
5HT1A
5-hydroxytryptamine (serotonin)
receptor 1A
5HT2A
5-hydroxytryptamine (serotonin)
receptor 2A
ADRA1A
Adrenoceptor α1A
ADRA2A
Adrenoceptor α2A
ADRB1
Adrenoceptor β1
DRD1
dopamine receptor D1
DRD2
dopamine receptor D2
Reference genes
RN18S
18S ribosomal RNA

Primer sequences (Reverse)

Table S3 Continued, Information on gene and primers
Gene
Official full name
Primer sequences (Forward)

NR_003286

NM_033304.2
NM_000681.3
NM_000684.2
NM_000794.3
NM_000795.3

NM_000621.4

NM_000240.3
NM_000898.4
NM_000754.3
NM_000524.3

NM_173570.3

NM_000620.2
NM_000625
NM_000603

NCBI reference
number

70

87
104
88
107
80

96

118
84
139
111

93

Amplicon
length
(bp)
101
133
113
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TUBα
UBC
TUBβ4

HPRT1

ACTβ
GAPDH

Actin, beta
Glyceraldehyde-3-phosphate
dehydrogenase
Hypoxanthine
phosphoribosyltransferase 1
Tubulin, alpha 1b
Ubiquitin C
Tubulin, beta 4

NM_001101
NM_002046
NM_000194
NM_006082
NM_021009
NM_006087

TCACCGGAGTCCATCACGAT
TCTCGCTCCTGGAAGATGGT
ATAGCCCCCCTTGAGCACAC
GTACAACAGGCAGCAAGCCAT
GTCACCCAAGTCCCGTCCTA
CACTGTCCCCATGGTATGTGC

CCCAGCGATGTACGTTGCTA
CAATTCCATGGCACCGTC
GGACAGGACTGAACGTCTTGC
CTTTGAGCCAGCCAACCAGA
GCTGCTCATAAGACTCGGCC
GGGCCAAGTTTTGGGAGGT

NCBI reference
number

Primer sequences (Reverse)

Table S3 Continued, Information on gene and primers
Gene
Official full name
Primer sequences (Forward)

72
70
71

88

Amplicon
length
(bp)
65
62
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CHAPTER 6
PREFRONTAL CHANGES IN THE GLUTAMATEGLUTAMINE CYCLE AND NEURONAL/GLIAL
GLUTAMATE TRANSPORTERS IN DEPRESSION
WITH AND WITHOUT SUICIDE
J. Zhao, R.W.H. Verwer, D.J. van Wamelen, X.-R. Qi, S.-F. Gao, P.J. Lucassen,
D.F. Swaab

J Psychiatr Res. 2016;82:8-15.
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ABSTRACT
Backgroud: There are indications for changes in glutamate metabolism in relation
to depression or suicide. The glutamate-glutamine cycle and neuronal glutamate
transporters mediate the uptake of the glutamate and glutamine.
Materials and Methods: The expression of various components of the glutamateglutamine cycle and the neuronal glutamate transporters was determined by
Q-PCR in postmortem prefrontal cortex. The anterior cingulate cortex (ACC)
and the dorsolateral prefrontal cortex (DLPFC) were selected from young MDD
patients who had committed suicide (MDD-S; N = 17), from MDD patients who
died of non-suicide related causes (MDD-NS; N = 7) and from matched control
subjects (N = 12). We also compared elderly depressed patients who had not
committed suicide (N = 14) with matched control subjects (N = 22).
Results: We found that neuronally located components (EAAT3, EAAT4, ASCT1,
SNAT1, SNAT2) of the glutamate-glutamine cycle were increased in the ACC
while the astroglia located components (EAAT1, EAAT2, GLUL) were decreased
in the DLPFC of MDD-S patients. In contrast, most of the components in the cycle
were increased in the DLPFC of MDD-NS patients.
Conclusions: The glutamate-glutamine cycle - and thus glutamine transmission
- is differentially affected in suicide patients and depressed patients in an area
specific way.
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INTRODUCTION
Suicide is an important public health problem that has a strong association with
psychopathology, in particular with mood disorders (Hawton and van Heeringen,
2009). A large body of evidence suggests that neurobiological factors play an
important role in the predisposition to suicide (Ernst et al., 2009b; Mann and
Currier, 2012). Although there is some overlap, this neurobiological predisposition
appears to differ considerably from the predisposition to mood disorders per se,
especially in the case of major depressive disorder (MDD) (Egeland and Sussex,
1985; Mann and Currier, 2010; Turecki, 2014).
The prefrontal cortex (PFC) is one of the major brain structures to modulate
the stress response. It can be stimulatory or inhibitory, depending on specific subregions or stressor types (Dedovic 2009). The PFC has also been implicated in
mood disorders and there is a negative correlation between the severity of poststroke depression and the distance between the brain injury site and the frontal pole
(Narushima et al., 2003). Furthermore, a dysfunctioning anterior cingulate cortex
(ACC) and dorsolateral PFC (DLPFC) were shown by functional and structural
imaging in MDD (Drevets, 2000; Drevets et al., 2008) as well as an altered glucose
metabolism and blood flow (Drevets, 1999; Mayberg, 2003; Seminowicz et al.,
2004). Also, postmortem data support PFC involvement in MDD: e.g. reduced
glial cell density and neuronal size were observed in the ACC and DLPFC (Cotter
et al., 2002; Cotter et al., 2001; Rajkowska and Miguel-Hidalgo, 2007; Rajkowska
et al., 1999).
Recent large-scale gene array studies in post-mortem subjects have provided
strong support for alterations in GABAergic and glutamatergic neurotransmission
in the PFC of depression (Bernard et al., 2011; Choudary et al., 2005; Duric et al.,
2013). However, these postmortem studies consisted largely of psychiatric patients
who had committed suicide, whereas none of the subjects in the control group
had a psychiatric disease during their lifetime or committed suicide. Therefore, it
remains unclear whether these changes in the PFC were related to depression or
to suicide per se.
In a recent study, we found that only few GABA and glutamate-related genes
were different in the ACC of elderly depressed patients who had not committed
suicide (Zhao et al., 2012), while there were obvious changes in depressed patients
who had committed suicide (Zhao et al., 2015). The present study therefore
studied whether changes in the ACC and DLPFC occur in terms of the glutamate-
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glutamine cycle and glutamate transporters, in relation to depression with and
without suicide.
Glutamate is synthesized from glutamine by glutaminase in neurons. After
glutamate is released from the synaptic terminal, it is taken up by astrocytes
through high affinity sodium-dependent neuronal glutamate transporters, such
as the excitatory amino acid transporter (EAAT) 1 and EAAT2 (Bar-Peled et al.,
1997; Chaudhry et al., 1995; Kugler and Schmitt, 2003; Milton et al., 1997), where
it is converted back into glutamine by glutamine synthetase (Martinez-Hernandez
et al., 1977). Glutamine is then transported back to the neurons by the neutral
amino acid transporter (SNAT) 1 and SNAT2, ready for reuse (Melone et al., 2004).
Interestingly, brain-derived neurotrophic factor (BDNF)-induced increases in
SNAT1 expression are required for the regulation of dendritic length and neuronal
complexity during development (Burkhalter et al., 2007), but BDNF is also clearly
linked to depression and suicide (Dwivedi et al., 2003; Ernst et al., 2009b; Grah
et al., 2014; Qi et al., 2013). This suggests that the glutamate-glutamine cycle is
not only an important constituent of the glutamatergic neurotransmission system
in physiology, but may also be a vulnerable pathway in psychiatric disorders due
to its linkage with both BDNF and glutamate and GABA neurotransmission.
Intrasynaptic glutamate can also be taken up by EAAT3 and EAAT4, which are
located on neurons (Danbolt, 2001; Rothstein et al., 1994; Yamada et al., 1997).
The EAAT family of glutamate transporters shows homology to the neutral amino
acid transporters (ASCT) 1 and ASCT2 (Arriza et al., 1993; Utsunomiya-Tate et al.,
1996). Studies showed that ASCT1 in glutamate transmission mediates the efflux
of glutamate from the neuron into the synaptic junction via calcium-dependent
release, and that ASCT2 activity plays an important role in the glutamineglutamate cycle between neurons and glia by facilitating the efflux of glutamine
from glial cells (Broer et al., 1999).
In the present study, we hypothesized that the glutamate-glutamine cycle is
impaired in the brains of depressed individuals who committed suicide and that
the neuronal glutamate transporters associated with this cycle are dysregulated.
Thus, we used real-time quantitative PCR (Q-PCR) to compare the gene expression
patterns in the PFC of the astrocytic glutamate-glutamine cycle and neuronal/glial
glutamate transporters in depressed patients in relation to suicide.
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EXPERIMENTAL PROCEDURES
Subjects from the Stanley Medical Research Institute (SMRI)
Brain material was obtained from the SMRI, after obtaining permission for a
brain autopsy and for the use of the brain material and clinical data for research
purposes. Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV
diagnoses of MDD were made independently by two senior psychiatrists based
on the medical records and, when necessary, telephone interviews with family
members. This systematized procedure was carried out as described before (Torrey
et al., 2000). The demographic information and medical data, including a life-long
use of psychotropic medication and a history of drug abuse provided by SMRI, is
shown in Supplementary S-Table 1 in Chapter 5.
The SMRI frozen brain samples contained ACC (Brodmann area 24) and DLPFC
(Brodmann area 46) and were obtained from MDD patients who died of suicide
(MDD-S; N = 17), MDD patients who died from other causes than suicide (MDDNS; N = 7), and matched control subjects without a history of suicidal behaviour
or any other psychiatric or neurological diagnosis (N = 12). These three groups
were matched for race, age, gender, brain weight, postmortem delay (PMD), brain
pH and hemispheric side (see Table 1A) as much as possible. All analyses were
performed by investigators blind to the diagnosis.

Subjects from the Netherlands Brain Bank (NBB)
Frozen ACC (Brodmann area 24) and DLPFC (Brodmann area 9) brain material
was obtained from the NBB and consisted of elderly depressed patients who died
from non-suicidal causes MDD, N = 5; bipolar disorder (BD), N = 10; and matched
controls who did not have a psychiatric or neurological disease (N = 22). The MDD
versus BD subgroup and the combined depression group (DEP) versus the control
group were well matched for age, gender, brain weight, clock time and month of
death, PMD and brain pH. Demographic information and P-value of parameter
matches are given in Table 1B, further clinico-pathological information has been
described in a previous study (Zhao et al., 2012) and is provided in Supplementary
S-Table 2 in Chapter 5.
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Table 1A Demographic information of SMRI subjects
MDD-S
MDD-NS
Age (years, range)
40.41 (24-63)
46.43 (36-56)
Gender (M/F)
10/7
3/4
Race
16W, 1H
7W
PMD (hours, range)
29.59 (13-65)
29.86 (15-52)
Brain pH
6.7 (6.36-6.88)
6.6 (6.3-6.9)
Brain Weight (gram, range) 1480 (1170-1780) 1441 (1270-1590)
Side of Brain Frozen (L/R)
10/7
5/2
9
3
Psychotic Featurea
Alcohol hx
11
5
2.18 (0-5)
1.29 (0-5)
Severity of Alcohol abuseb
Drug hx
5
3
1.43 (0-4)
Severity of Substance abuseb 0.88 (0-4)
1041 (0-6500)
1314 (0-3000)
Fluphenazine (lifetime,
range)c

Ctr
46.83 (24-63)
8/4
11W, 1H
25.25 (9-40)
6.6 (6.31-6.91)
1444 (1200-1595)
6/6
6
2.08 (0-5)
4
0.75 (0-4)
-

F or x2
1.404
1.034
0.529
0.541
0.565
0.295
0.838
0.100
1.029
0.509
0.403
0.471
0.121

P
0.260
0.596
0.744
0.587
0.574
0.747
0.658
0.752
0.598
0.606
0.817
0.629
0.732

Abbreviation: Ctr, control; F, female; hx, history; L, left; M, male; MDD-S, major depressed patients who
committed suicide; MDD-NS, major depressed patients who died of other cause than suicide; PMD,
postmortem delay; R, right.
a
Psychotic Feature tested without controls
b
Substance abuse and alcohol abuse was rated on a scale of 0-5
c
Fluphenazine tested without controls

Quantitative Real-time PCR (Q-PCR)
RNA isolation, cDNA synthesis and Q-PCR reactions were performed as
described before (Wang et al., 2008; Zhao et al., 2012). The genes detected were
Excitatory Amino Acid Transporter (glial high affinity glutamate transporter):
EAAT1, 2; Excitatory Amino Acid Transporter (neuronal high affinity glutamate
transporter): EAAT3, 4; Sodium-coupled neutral amino acid transporter: SNAT1,
2; Glutamine synthase: GLUL; Solute Carrier Family 1 (Glutamate/Neutral Amino
Acid Transporter), member 4 (SLC1A4) and member 5 (SLC1A5): ASCT1 and
ASCT2. Additional information on all tested genes and the sequences for each
primer pair are shown in Supplementary S-Table 3.

Normalization strategy
To remove sampling-related differences (RNA quantity), a normalization strategy
was used (Vandesompele et al., 2002). The expression of target genes was normalized
using the sets of stable reference genes mentioned below. The information
of reference genes is as follows: Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), actin-beta (ACTβ), tubulin-alpha (TUBα), tubulin-beta 4 (TUBβ4),
hydroxymethylbilane synthase (HMBS), ubiquitin C (UBC) for the SMRI-ACC/
DLPFC study, GAPDH, ACTβ, HPRT1 (hypoxanthine phosphoribosyltransferase
1), UBC (ubiquitin C), TUBα, TUBβ4, HMBS for the NBB-ACC/DLPFC study.
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2
1.5 (0-3)
12/0

Ctr
79.50 (56-96)
9/3
12W
7.1 (4.5-10.3)
07:06 (2:00-21:30)
7 (2-12)
6.58 (5.80-7.16)
1350.58 (1125-1568)

P
0.338
1,000
1,000
0.773
0.230
0.820
0.238
0.469
0.980
1.000
1,000

F or x2
0.964
0,000
0,000
0.149
5.153
0.015
1,245
0,400
0,000

DLPFC

3
1.5 (0-3)
12/2

Dep
72.86 (45-90)
10/4
14W
7.3 (4.3-16.8)
12:09 (2:30-23:15)
7 (1-11)
6.44 (6.26-6.82)
1296.36 (1080-1490)

Ctr
79.50 (56-96)
10/4
14W
8.2 (2.7-24.7)
07:35 (0:01-17:45)
6 (3-11)
6.66 (5.80-7.39)
1319.00 (10541590)
4
1.1 (0-3)
14/0
0,560
2,700
2,154

F or x2
0.025
0,000
0,000
1.327
3.309
0.195

1,000
0,690
0,142

P
0,680
1.000
1.000
0.504
0.810
0.570
0.113
0.685

Abbreviation: ACC, anterior cingulate cortex; Ctr, control; CTD, clock time of death; Dep, depressed patients who died of cause other than suicide; DLPFC, dorsolateral
prefrontal cortex; F, female; g, gram; hh, hour; L, left; M, male; mm, minute; MTD, month time of death; PMD, postmortem delay; R, right; W, white caucasian.
a
Mardia-Watson-Wheeler test
b
Kolmogorov-Smirnov test

ApoE (4x)b
Braak Stage (range)b
Side of Brain Frozen (L/R)

Age (years, range)
Gender (M/F)
Race
PMD (hours, range)
CTD (hh:mm, range)a
MTD (month, range)a
Brain pH (range)
Brain Weight (gram, range)

Dep
74.67 (45-93)
9/3
12W
7.4 (4.3-16.8)
13:27 (2:30-23:00)
5 (1-10)
6.43 (6.26-6.64)
1306.92 (10801488)
4
1.5 (0-3)
12/0

Table 1B Demographic information for the NBB subjects
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Statistical analysis
For the demographic data analyses (age, brain weight, PMD, brain pH) we used
the Mann-Whitney test for 2 sample situations and the Kruskal-Wallis test with
multiple comparisons for 3 sample situations. Gender and race differences were
determined using the Chi-square test (For more details, see Table 1A and 1B). For
the statistical analyses of gene expression data TIBCO S+ software (version 8.2.0,
TIBCO, Seattle, WA, USA) was used. Before processing, the expression data from
target and reference genes were 10log-transformed. The statistics used to describe
data obtained from studies using precious human brain material (with limited
availability and consequently small samples) may not conform to the approximate
theoretical distributions (e.g. Student-t) usually assumed in hypothesis testing. The
stability of P-values obtained with parametric statistical tests may, therefore, be
insufficient to provide reliable conclusions about the differences of gene expression
in different psychiatric patient groups or about the correlations between genes
within a patient group. Resample procedures (without replacement) may help to
shed light on this problem. To keep the resample procedures simple and easy to
interpret we resorted to two-group comparisons (like in t-tests) and correlations
per patient group. We used 999 replicates of permuted gene expression data to
generate permutation NULL distributions of the appropriate test statistics that
correspond to NULL hypotheses implying that the mean differences between 2
groups or the mean correlation coefficients between 2 genes within a group are
zero (Davison and Hinkley, 1997). For the difference between groups we used:
					
(mean(x2) - mean(x1))
					T = ---------------------------- .
					
sd * (df) -(1/2)
Here, sd is the pooled standard deviation and df denotes the Welch modified
degrees-of-freedom. For normally distributed data with unknown, unequal
variances, T is approximately distributed as a t-distribution with df degreesof-freedom. The simulated T’s are called permutation t-values and the T
corresponding to the observed difference of expression is called the observed
t-value. The following statistic
					
sum [(x1 - mean(x1)) * (x2 - mean(x2))]
					cor = -------------------------------------------------------					
[sum (x1 - mean(x1)) * sum (x2 - mean(x2)] (1/2)
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was calculated for correlation problems. For pairs of normally distributed data
this statistic has an approximate t-distribution with n - 2 degrees-of-freedom
(N = number of observations). The observed test statistic and permutation test
statistics are called observed and permutation cor-values, respectively. In each
procedure the observed test statistic was combined with the permutation test
statistics and ordered. Subsequently, the number of statistics equal to or smaller
than and the number of statistics equal to or larger than the observed value were
counted. These numbers were divided by 1000 (999+1) to yield the left (p-left)
and right (p-right) probabilities. Two-sided permutation P-values were calculated
as 2 times the minimum of p-left and p-right. All presented tests for the gene
expression data are 2-sided and p-values were corrected for multiple testing using
the Benjamini-Hochberg criterion (Benjamini and Hochberg, 1985) and were
considered statistically significant if their value was less than 0.05.

RESULTS
Changes in glutamate-glutamine cycle gene expression are related to
suicide, not to depression
Brain material obtained from the SMRI was analyzed for changes in the genes
involved in the glutamate-glutamine cycle and neuronal/glial glutamate
transporters. We determined the RNA integrity value (RIN) to assess whether the
quality of the human post-mortem tissue RNA isolated from the ACC or DLPFC
did not differ between patient groups (Stan et al., 2006). The RIN did not show any
significant differences between the diagnostic groups in the SMRI material (RIN
value of the ACC from MDD-S patients: 7.69 ± 0.66; MDD-NS patients: 7.49 ±
0.56 and the control group: 7.73 ± 0.95, mean ± SEM; RIN value of the DLPFC
from MDD-S: 7.69 ± 0.66, MDD-NS patients: 7.49 ± 0.56 and the control group:
7.73 ± 0.95, mean ± SEM).
In ACC, the expression of neuronal glutamate transporters ASCT1, EAAT3
and EAAT4 were significantly increased in MDD-S compared with MDD-NS
patients (P = 0.024, P = 0.008 and P = 0.008 respectively) or with the controls
(ASCT1: P = 0.015, Figure 1A; EAAT3: P = 0.028, Figure 1C; EAAT4: P = 0.008,
Figure 1D). In addition, neuronal located glutamine transporter SNAT1 and
SNAT2 transcription levels were elevated in MDD-S patients compared with
MDD-NS patients (P = 0.008 and P = 0.020 respectively) or with control subjects
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(P = 0.028, Figure 1E; and P = 0.028, Figure 1F; respectively). ASCT2 transcript
level was also increased in the MDD-S patients compared to MDD-NS patients
(P = 0.008, Figure 1B). However, none of these genes showed difference between
MDD-NS and control subjects. In contrast, we found that ASCT1 and glial related
genes (EAAT1, EAAT2 and GLUL) were decreased in the MDD-S compared with
MDD-NS patients in DLPFC (P = 0.042, Figure 1G; P = 0.038, Figure 1H; P =
0.038, Figure 1I; P = 0.038, Figure 1K; respectively). Furthermore, the transcript
levels of these genes, and of EAAT3 (P = 0.038, Figure 1J) SNAT1 (P = 0.038,
Figure 1L) and SNAT2 (P = 0.041, Figure 1M) were increased in the MDD-NS
patients compared with control subjects (Table 2).
To explore what aspects of suicide may cause gene transcription alterations
in the MDD patients, the SMRI MDD-S group was divided into two subgroups:
violent suicide method (hanging, jumping, shooting and stabbing, N = 12) and
non-violent method (overdose, N = 5). However, we did not find any significant
difference in the expression of the genes studied in either ACC (P > 0.58) or
DLPFC (P > 0.28).

Changes in glutamate-glutamine cycle gene expression are not related to suicide
ideation
We then examined ACC and DLPFC samples from the NBB (RIN value of the
ACC from the elderly depressed patients: 7.29 ± 0.55 and the control group: 7.24
±1.15, mean ± SEM; RIN value of the DLPFC from the elderly depressed patients:
7.51 ± 0.66 and the control group: 7.66 ± 0.88, mean ± SEM).
None of the depressed patients from the NBB had committed suicide. Consistent
with our results from the SMRI subjects, we did not observe significant changes
in the ACC of depressed patients and controls. Based on their clinical records, we
divided the DEP group into subgroups of patients that either did or did not have
a record of suicidal thoughts and ideation. To assess whether suicidal ideation
contributes to gene transcription in this area, the same set of markers related to
glutamate-glutamine cycle and neuronal glutamate transporters were tested. We
did not find any significant differences in the ACC (P > 0.95) nor in the DLPFC (P
> 0.16) with respect to suicide ideation, either for neuronal located genes (ACC:
P > 0.95; DLPFC: P > 0.45) or astrocytic genes (ACC: P > 0.95; DLPFC: P > 0.16).
These findings suggest that suicide itself, but not mere suicide ideation, may cause
changes in the expression of genes involved in the glutamate-glutamine cycle.
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1,8
2,2
1,3
1,6
1,4
1,8
1,3

1,5
1,7
1,3
1,3
1,6
1,3
1,6
1,8
1,6

3,0
3,0
1,6
3,3
2,1
2,4
2,3

0,4
0,5
0,6
0,8
0,6
0,7
0,8
0,6
1,0

3,5
3,7
2,2
1,7
2,9
1,8
1,8
3,1
1,5

0,6
0,8
0,8
0,5
0,7
0,7
0,6

0.012*
0.002**
0,228
0.010**
0.012*
0.004**
0.040*
0,304
0,130
0,522
0,126
0,232
0,392
0,058
0,080
0.012*

0.002**
0.002**
0,088
0.002**
0.006**
0.008**
0.002**
0.014*
0.014*
0,154
0,140
0.014*
0,260
0,352
0.018*
0,760

0.028*
0.008**
0,314
0.028*
0.028*
0.015*
0,073

0.008**
0.008**
0,132
0.008**
0.020*
0.024*
0.008**
0.039*
0.039*
0,212
0,201
0.039*
0,330
0,415
0.042*
0,760

0,292
0,392
0,602
0,068
0,200
0,552
0,034
0.006**
0.004**
0.008**
0.028*
0.008**
0.014*
0.016*
0.004**
0,066
0,372
0,195
0,538
0,195
0,306
0,446
0,106
0,132
0.039*

0,101
0,113

0,537
0,406

0.039*
0.039*
0.039*
0,058
0.039*
0.039*
0.041*
0.039*
0,115

0,371
0,462
0,614
0,112
0,287
0,588
0,066

0,478
0,614

MDD-NS
/Ctr

1,7
1,6
1,3
1,6
1,3
1,5
1,0
1,1
1,1

1,0
1,1
1,1
1,0
0,8
1,0
1,0

0,9
1,1

0,710
0,948
0,764
0,840
0,794
0,734
0,028
0,940
0,706

0,182
0,228
0,592
0,578
0,318
0,830
0,986

0,612
0,774

Dep-NS/ Ctr

0,948
0,948
0,948
0,948
0,948
0,948
0,252
0,948
0,948

0,918
0,918
0,918
0,918
0,918
0,934
0,986

0,918
0,934

The differences among MDD-S, MDD-NS and Ctr in the SMRI, Dep-NS and Ctr in the NBB were tested with permutation tests respectively. The permutation P-values were
corrected for multiple testing using the false discovery rate. P < 0.05 were considered significant and marked as bold Italic style, * indicates P < 0.05, ** indicates P < 0.001.
Fold changes were calculated using the mean gene expression values.
Abbreviations: ACC, anterior cingulate cortex; Bhadj.p, Benjamini-Hochberg adjusted p-values; Ctr, control; Dep-NS, depressed patients who died of non-suicidal cause;
DLPFC, dorsolateral prefrontal cortex; MDD-S, major depressive disorder who committed suicide; MDD-NS, major depressive disorder who died of non-suicidal cause;
NBB, Netherlands Brain Bank; p.perm, p-values obtained using permutation tests; SMRI, Stanley Medical Research Institute. For abbreviations of genes see S-Table 3.

EAAT3
EAAT4
GLUL
SNAT1
SNAT2
ASCT1
ASCT2
DLPFC
EAAT1
EAAT2
EAAT3
EAAT4
GLUL
SNAT1
SNAT2
ASCT1
ASCT2

MDD-S /
Ctr

MDD-S/
MDD-NS

Table 2 SMRI and NBB results in expression of target gene in the ACC and DLPFC
MDD-S/ MDD-S / MDDMDD-S/ MDD-S /Ctr MDD-NS
MDDCtr
NS /Ctr
MDD/Ctr
NS
NS
ACC
EAAT1
1,3
1,9
1,5
0,488
0,058
0,420
EAAT2
1,5
1,9
1,3
0,332
0,072
0,614

Glu-Gln cycle and glutamate transporters in MDD and suicide
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Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-S, major
depressed patients who committed suicide; MDD-NS, major depressed patients who died from causes other than
suicide. For abbreviations of genes see S-Table 3.

Figure 1 Significant expression of genes in ACC and DLPFC of the SMRI patients
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Correlation with BDNF/TrkB
As both the SMRI and NBB patient cohorts of the present study had also been
investigated in our previous studies on the expression of BDNF/TrkB-related
genes (Qi et al., 2013; Zhao et al., 2015), we investigated the putative relationship
between truncated receptor of BDNF (TrkB.T1) and BNDF with the present
target genes here. There appeared to be a positive correlation between the TrkB.
T1 and astrocytic genes (EAAT1, EAAT2, GLUL), and also neuronal located genes
(EAAT3, SNAT1, SNAT2, ASCT1) in the MDD-S individuals (For more details of
P-values, see Table 3). TrkB.T1 only correlated with astrocytic genes in the MDDNS group, while there was no such correlation in the control group in the ACC. We
found that TrkB.T1 was correlated with both astrocytic genes (EAAT2, GLUL) and
neuronal located genes (EAAT3, SNAT1, SNAT2, ASCT1) in the MDD-S patients,
but not in the MDD-NS nor control subjects in the DLPFC (For more details of
P-values, see Table 3). BDNF is correlated with EAAT3 and SNAT1 in the ACC
of MDD-NS patient group, while there was no correlation in either MDD-S or
control subjects. In addition, we did not find any correlation in the DLPFC (For
more details of P-values, see Table 3).

Possible Confounding factors
The possible confounders in our study, such as age, gender, brain pH, brain weight,
PMD, hemisphere side, ethnicity, history of substance abuse, severity of substance
abuse and psychotic feature, did not differ between the groups (Table 1A and
1B), implying that they will not have affected our conclusions. Concerning the
possible differences between MDD and BD in the NBB cohort, calculation for all
the target genes proved that there was no significance difference between these
two subgroups (ACC: P > 0.30; DLPFC: P > 0.05). Furthermore, we have shown
earlier that there is no significant difference between MDD and BD patients on
the GABA/glutamate related genes in the PFC in our previous study (Zhao et
al., 2012). Thus, there is no indication that pooled MDD-BD in the NBB cohort
would affect our conclusion. Since psychosis was present in some of the subjects
in the SMRI patient cohort, all differentially expressed genes were compared for
the presence or absence of psychosis. None of the comparisons were found to be
significant in ACC (P > 0.94). In the DLPFC, there is a significantly lower EAAT3
expression in non-psychotic MDD patients (P = 0.036), the expression of the
other genes is not different between psychotic and non-psychotic patients (P >
0.11). A potentially contributing confounding factor in all postmortem studies
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MDD-S
0,399
0,507
0,602
0,782
0,399
0,915
0,944
0,862
0,122

BDNF
MDD-NS
0,784
0,990
0,784
0,990
0,511
0,990
0,511
0,378
0,978
Ctr
0,374
0,374
0,948
0,748
0,374
0,910
0,948
0,748
0,374

MDD-S
0,062
0.048*
0.048*
0,399
0.036*
0.036*
0.036*
0.036*
0,399

DLPFC
TrkB.T1
MDD-NS
0,511
0,378
0,805
0,978
0,624
0,805
0,990
0,784
0,990

Ctr
0,420
0,374
0,748
0,748
0,468
0,748
0,748
0,948
0,948

Permutation P-values of the correlations of BDNF and TrkB with the target genes. The P-values were corrected for multiple testing. P < 0.05 were considered significant and
marked as bold Italic style, * indicates P < 0.05.
Abbreviations: ACC, anterior cingulate cortex; Ctr, control; DLPFC, dorsolateral prefrontal cortex; MDD-S, major depressive disorder who committed suicide; MDD-NS,
major depressive disorder who died of non-suicidal cause; SMRI, Stanley Medical Research Institute. For abbreviations of genes see S-Table 3.

Table 3 Correlation between BDNF, TrkB.T1 and target genes in the SMRI cohort
ACC
BDNF
TrkB.T1
MDD-S MDD-NS Ctr
MDD-S
MDD-NS Ctr
EAAT1
0,513
0,079
0,330
0.046*
0.036*
0,819
EAAT2
0,546
0,111
0,339
0.036*
0.036*
0,406
EAAT3
0,336
0.036*
0,330
0.046*
0,079
0,984
EAAT4
0,148
0,224
0,288
0,336
0,111
0,900
GLUL
0,866
0,175
0,330
0.018*
0.036*
0,454
SNAT1
0,404
0.036*
0,406
0.018*
0,111
0,392
SNAT2
0,513
0,072
0,441
0.018*
0,203
0,643
ASCT1
0,404
0,072
0,330
0.018*
0,079
0,406
ASCT2
0,120
0,203
0,586
0,095
0,121
0,330
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is medication. However, this does not seem to be a confounder for our data, as
medication (SSRI, SARI, TCA) did not affect any of the gene expression in ACC
(P > 0.48) or in DLPFC (P > 0.51). SNRI could not be tested because one group
only had 2 observations.

DISCUSSION
In the present study, we found in the SMRI cohort that ASCT2 and neuronal
located molecule transcript levels were significantly higher in the ACC of MDD-S
patients than in the MDD-NS patients or the control subjects. In contrast,
decreased ASCT1 and astroglia located molecule transcript level were found in the
DLPFC of MDD-S patients compared to MDD-NS patients. Furthermore, most of
the target genes were increased when comparing MDD-NS with control subjects
in the same brain area. We did not find any difference in expression level in the
NBB cohort. Our results suggest that the changes in ACC synaptic glutamate cycle
are rather related to suicide than to depression per se, and that they are neuronal
located. For DLPFC, suicide related changes are more astroglia located and the
depression related changes are from both neuronal and astroglia. In both brain
areas, the molecular changes in suicide and depression seem to go into an opposite
direction.
Glutamine serves as a substrate in both glutamatergic and GABAergic neurons
(Gao and Bao, 2011). The uptake of glutamine into neurons is facilitated by system
A amino-acid transporters (Mackenzie and Erickson, 2004; Ogura et al., 2006) and
these transporters can thus alter both GABA and glutamate functioning. SNAT1
(also termed SLC38A1) is a system A transporter localized in neurons. It shows a
high affinity for glutamine released by astroglia (Broer, 2014; Schioth et al., 2013)
and is present at the start of the glutamate-glutamine cycle in neurons. Although
the 11 human transmembrane domains of SNAT1 show a high homology with the
murine ortholog of this protein (Wang et al., 2000), their functional and kinetic
properties in humans are still poorly understood (Pochini et al., 2014). Like SNAT1,
SNAT2 (also termed SLC38A2) is also expressed in neurons, and acts as a system
A transporter (Sundberg et al., 2008; Varoqui et al., 2000; Yao et al., 2000). One of
the differences between these two transporters is that SNAT1 prefers glutamine
(Varoqui et al., 2000), while SNAT2 carries several neutral amino acids, including
glutamine and alanine, with alanine transport being approximately four times as
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efficient as glutamine transporter (Yao et al., 2000). Alanine can be converted into
glutamate later. Glutamine is a precursor of glutamate, which is further converted
into GABA by glutamate decarboxylase (GAD), which is present in GABAergic
neurons. The increased SNAT1 and SNAT2 in our study may thus cause more
glutamine influx into neurons and over-activate GABA synthesis. This is in line
with our previous study, which showed increased GAD levels in the ACC of
MDD-S patients (Chapter 4). Furthermore, animal experiments have shown that
SNAT1 is significantly up-regulated by diazepam (a GABA-A receptor agonist)
treatment (Sundberg et al., 2008), and the transcript levels of both GABA-A and
GABA-B receptor transcript were up-regulated in the MDD-S patients (Chapter 4),
suggesting that increases in SNAT1 might be involved in the dysfunction of GABA
receptors in the ACC of MDD patients who committed suicide. Five depressed
patients in the NBB cohort were treated with benzodiazepine (BDZ) during the
last 3 months of their life, but we did not find significant differences in SNAT1
mRNA between the BDZ treated and non-BDZ treated depressed patients. No
such comparison could be performed in the SMRI cohort, as there was insufficient
information on their BDZ use. Another animal study showed that SNAT1 and/
or SNAT2 are altered in a post-traumatic epilepsy model. Moreover, exogenous
glutamine enhanced the abnormal evoked and spontaneous activity characteristic
of the injured neocortex. This effect could be blocked by inhibition of SNAT1 and
SNAT2 in the post-traumatic epilepsy model (Tani et al., 2007), suggesting that
the increased SNAT1 and SNAT2 in the MDD-S patients (ACC) and in the MDDNS patients (DLPFC) are promising novel pharmaceutical target for suicide and
depression treatment.
The main candidates to mediate glutamate efflux from neurons are EAAT3,
EAAT4 and ASCT1 which are significantly increased in the ACC of MDD-S
individuals. In contrast, we found that ASCT1 mRNA expression is decreased in
the DLPFC, while also the expression level of EAAT3 and EAAT4 were decreased
although they did not reach significance. This shows that impaired glutamate
transport in suicide shows opposite changes in ACC and DLPFC. Furthermore,
when comparing MDD-NS to control subjects, most of the target genes are
increased, which strongly indicates that suicide and depression also show opposite
changing patterns in the DLPFC. This pattern was supported by our observations
in ACC. We found that all the suicide related changes were upregulated, while the
depression related changes were decreased according to the fold changes, although
they did not reach significance. Although the mechanism by which EAAT3,
EAAT4 and ASCT1 expression is altered in the different brain areas is unknown,
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as functional consequence, extracellular and synaptic glutamate levels could be
elevated in the ACC and decreased in the DLPFC in MDD-S patients. In clinical
investigations, NMDA-antagonists, such as ketamine, turned out to be potent and
rapid acting antidepressant agents and also to be effective in suppressing suicide
ideations (Ballard et al., 2014; Chen and Lipton, 2006; Zarate et al., 2006) while
they also modify glutamate signaling via AMPA-receptors (Maeng and Zarate,
2007), a possibility supported by our previous study (Chapter 4).
We did not find any similar changes in the NBB cohort, which is in line with
our finding from SMRI cohort that the changes in ACC synaptic glutamate cycle
are rather related to suicide than to depression per se in ACC. For DLPFC, it seems
there is a discrepancy between SMRI and NBB results. Since the age difference
between SMRI cohort (average: 43.72 years old) and NBB cohort (average: 75.42
years old), also the PMD difference (SMRI: 28.19 hours and NBB: 7.55 hours), we
performed further calculation and found that all adjusted permutation P-values of
the correlation between target gene expression and age are > 0.05, and > 0.98 for
PMD in DLPFC of SMRI cohort. This suggests that age and PMD did not affect
our result and did not contributed to the discrepancy. It has also to be noted that
the DLPFC in the SMRI and NBB cohorts represented different Brodmann areas
(i.e. BA 46 or BA 9 respectively). This may explain why DLPFC-SMRI showed
numbers of changes while DLPFC-NBB did not show any significant change.
The BDNF/TrkB system has been linked to depression and suicide (Dwivedi
et al., 2003; Ernst et al., 2009b; Qi et al., 2013). BDNF regulates dendritic length
and neuronal complexity during development, which requires BDNF-induced
increases in SNAT1 expression (Burkhalter et al., 2007). Interestingly, in a previous
genetic study an association was observed between altered expression of SNAT1
and suicidal behavior (Ernst et al., 2009a). In our current study, we found that
BDNF is positively correlated with SNAT1 and EAAT3, and the truncated receptor
of BDNF (TrkB.T1) was positive correlated with EAAT1, EAAT2 and GLUL in the
ACC of MDD-S and MDD-NS group respectively. No such correlation was found
in the control group of the SMRI cohort. Since the ACC suicide related changes
are more neuronal located (see before), they may be closely linked to BDNF. In the
DLPFC only TrkB.T1 was correlated with most of the target genes in the MDD-S
patient group, but not with BDNF. Furthermore, there was no correlation observed
in either MDD-NS group or control group. This, and gene expression comparisons
(see above) suggests that the suicide changes in the DLPFC are both, neuronal and
astroglia related.
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In conclusion, we observed that the neuronal located components of the
glutamate-glutamine cycle were increased in the ACC while the astroglia located
components were decreased in the DLPFC of MDD-S patients. In contrast, most
of the components were increased in the DLPFC of MDD-NS patients. These data
suggest that glutamine transmission in the glutamate-glutamine cycle is affected
differentially in suicide patients and depressed patients in an area specific way.
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ABSTRACT
Background: We hypothesized that frontal cortex amyloid plaques induce
alterations in the GABAergic and glutamatergic pathways, which cause activation
of the hypothalamic-pituitary-adrenal (HPA) axis, and may so contribute to the
high prevalence of depression in Alzheimer’s disease (AD).
Materials and Methods: We determined the expression of genes in these pathways
by Q-PCR in the tissue form dorsolateral prefrontal cortex of AD patients with
and without depression, we assessed their relation to hyperactivity of the HPA
axis, and studied whether which of these changes are reflected in APPswePS1dE9
transgenic (Tg)AD mice.
Results: In the depressed AD patients, GABRA5 mRNA expression was
significantly decreased. VGluT1 mRNA levels were positively correlated to the
Cornell score for depression severity. In the TgAD mouse there was no GABA or
glutamate related gene expression change that was comparable to those observed
in depressed AD patients. The HPA axis was not activated in the TgAD mice
either, and no difference in sucrose preference was found.
Conclusions: GABA and glutamate related gene expression was affected in
depressed AD patients, while the TgAD animal model did not reflect these changes.
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INTRODUCTION
Depression affects up to 50% of patients with Alzheimer’s disease (AD) (Lyketsos
and Lee 2004) which seriously increases patient and caregiver burden and is
frequently the reason for hospitalization. Although the etiologies of AD, major
depressive disorder (MDD) and depression in AD are different, they share
similarities in brain structures and neurotransmitters that are involved. All three
disorders are characterized by the hyperactivity of the hypothalamic-pituitaryadrenal (HPA) axis in a large part of the patients (Meynen et al., 2007; Bao, et
al., 2008; Belmaker and Agam 2008). Previously, we found a positive correlation
between the Cornell score for depression severity in dementia and the number
of corticotropin-releasing hormone (CRH) expressing neurons, showing that
MDD and depression in AD share, at least this characteristic (Meynen, et al.,
2007). Furthermore, both MDD and AD are characterized by hypoactivity of the
prefrontal cortex (PFC) (Swaab et al., 2000; Drevets et al., 2008). Moreover, the
accumulation of plaques in the neocortex was found to be related to the severity of
depression in AD (Meynen et al., 2009).
Animal studies have shown that the HPA axis activity is affected by both
gamma aminobutyric acid (GABA) and glutamate afferents from the PFC
(Gao and Bao, 2011; Herman et al., 2003). Both GABAergic and glutamatergic
neurotransmission systems are affected in MDD, AD and depression in AD.
Decreases in GABA level (Garcia-Alloza et al., 2006); (Lowe et al., 1988; Hasler et
al., 2007) and GABA-A receptors (Lloyd et al., 1991; Merali et al., 2004; Luchetti et
al., 2009) have, previously, also been described in the frontal cortex of AD patients
and depression. Furthermore, a HPLC study showed a correlation between GABA
level and depression factors (Garcia-Alloza et al., 2006). Although no changes in
glutamate levels were found in the cerebral cortex of AD patients (Garcia-Alloza
et al., 2006), reduced functional glutamate uptake in the frontal cortex was found
in AD patients (Francis 2003). Moreover, lower glutamate or glutamine levels
(Hasler et al., 2007), and several ionotropic receptors (Feyissa et al., 2009) have
been demonstrated in the PFC of MDD patients.
In the present study we aimed to determine: i) whether GABA and glutamate
related gene expression changes occur in the PFC of AD patients, ii) whether such
changes have a relationship to the presence of depression in AD, and iii) whether
depression in AD has, like MDD, a possible relationship to hyperactivity of the
HPA axis. When available, PFC gene expression was, therefore, related to HPA
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axis activation parameters of the same patients. In addition we determined iv)
which GABA and glutamate gene expression changes in the AD patients are also
present in the APPswePS1dE9 that is the widely used as a transgenic (Tg) mouse
model for AD (Borchelt et al., 1997) and v) whether characteristics of depression
such as anhedonia and CRH activation in the hypothalamus are also reflected in
this TgAD model.

MATERIALS AND METHODS
Depressed AD patients
AD patients were studied at six-month intervals within the framework of a
prospective longitudinal study of depression in AD. For a detailed description
of the procedures see the previous studies that have reported about this cohort
of patients (Hoogendijk et al., 1999; Meynen et al., 2007). Patients with major
neuropathological co-morbidity were excluded. 13 patients fulfilled the criteria
of the NINCDS-ARDA and of the CERAD for probable AD. The presence of
depressive symptoms in AD was established by the Cornell Scale for depression
in dementia and MDD was established by DSM-IIIR criteria (Alexopoulos et al.,
1988). On average, the last evaluation of the AD patients for depression was three
months before death, except for one patient of whom only the Cornell score of 24
months before death was available. Patients in the depressed AD group suffered
from a major depressive episode according to DSM-IIIR at death and had been
severely depressed for at least three months or suffered from a transient major
depressive episode or dysthymia during the course of AD, the mean Cornell score
being 12.7 ± 2.7 (mean ± SEM). The non-depressed AD patients, which served as
control subjects, had a Cornell score of 6.0 ± 1.6. All these latter subjects remained
free of mood disorders throughout the AD process.
The 9 depressed AD patients and 4 non-depressed AD patients were well
matched by age (P = 0.146), sex (P = 1.000), time of death (P = 0.687) and CSF pH
(P = 0.833) except for their PMD, which was significantly longer in the depressed
AD group (266 ± 40) comparing to non-depressed AD (212 ± 33, P = 0.040), but
this difference did not influence our results (see below). The 4 non-depressed AD
patients and 8 controls did not differ with respect to age (P = 0.128), sex (P =
1.000), time of death (P = 0.127), CSF pH (P = 0.980) and PMD (P = 0.073).

172

GABA/Glutamate changes on depressed AD patients and TgAD mice

Human brain material
Frozen brain samples were collected by the Netherlands Brain Bank, following
written informed consent from the patient or the next of kin for a brain autopsy
and the use of the material and clinical information for research purposes. Tissue
from the left dosolateral PFC (DLPFC) was snap-frozen and 50 µm-thick cryostat
sections were cut. Grey matter containing the complete all six layers of the neocortex
was isolated (Bossers et al., 2010). Postmortem neuropathological evaluation
took place in a systematic way for all patients (van de Nes et al., 1998) with an
estimation of the distribution of the AD changes according to the classification of
Braak (Braak and Braak 1991; Hoogendijk et al., 1999). Control subjects did not
have any primary neurologic or psychiatric disease (for exceptions see Table 1).

Sucrose preference test in mice
All described experiments in mice were conducted under the approval of the
Animal Care Committee of the Royal Netherlands Academy of Science. Adult
transgenic APPswePS1dE9 AD mice (age: 12-14 months; body weight: 34.2 ± 0.4
g) were housed at room temperature with a 12 hr light/dark schedule (lights on at
7:00 a.m.). At 2 days before the behavioural experiments, mice were housed single.
During the test, mice were given, for 48 h, a free choice between two bottles, one
with 1% sucrose solution and another with tap water. To prevent possible effects of
side preference in drinking behaviour, before experiment the bottles were present
at the left side for 1 day and then changed to the right side for the second day,
repeated for 2 more days. During the experiment the position of the bottles was
switched every 24 h. No food or water deprivation was applied before the test.
The consumption of water and sucrose solution was estimated simultaneously
in control and experimental groups by weighing the bottles. The sucrose intake
was calculated as an amount of consumed sucrose in mg per gram body weight.
The preference for sucrose was calculated as a percentage of consumed sucrose
solution of the total amount of liquid drunk (Strekalova et al., 2004).
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852

1050

1317

43
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44
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14:45

2:00

13:55

12:10

0:05

20:00

13:25

15:30

5:00

11:15

1:30

13:00

Table 1 Clinico-pathological information of patients with AD and control subjects
Group
NBB
Sex
Age
PMD
pH
Brain
ApoE Clock
number
(year) (h:min) CSF
weight
time at
(g)
death

5

6

5

5

6

6

6

6

6

6

2

5

5

8

9

9

10

11

12

14

None

Aki, levo,
tria

None

None

BZD, Hal

Mo

BZD, Hal
Mo, MDD (6),
None
Dys (6), MDD (6),
No (28)

No, Dyst (24)

No mood disorder Hal

Mo

Mo

Hal

BZD, Hal

BZD, Mo

BZD

BZD,
pipamperone, Mo
Mo, levo

Mo, BZD

None

BZD, Mo,
ZUC

Medication Medicataken in the tion taken
past
in the last
3 month
BZD, pheHal, pronytoin
methazine

No mood disorder BZD, hydrocortison
No mood disorder None

No, Dys (24)

No, Dys (10),
MDD (5)
No, (Admission
for MDD long
before AD)
MDD at onset
AD, no, Dyst (12),
MDD (5)
No, Dyst (10)

Braak Cornell Type and courses
depression
stage1 score2
duration
(months)
5
26
MDD at onset and
before AD, No,
MDD (36)
6
25
MDD at onset
AD, No, MD (36)

Pneumonia,
dehydration,
cachexia
General physical deterioration
Cardiac infarction
Physical deterioration
Urinary tract
infection, dehydration
Dehydration,
cachexia
Dehydration,
cachexia, hypertension
Cachexia

Cachexia

Cardiac pulmonary insufficiency
Dehydration

Pneumonia

Cause of
death
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97-156

04-057

06-037

97-068
-

Contr

Contr

Contr

Contr
Mean±
SD
P-value

66

81

77

82
79

F
61
2M/6F 77.38
± 9.37
0.254

M

F

F

F
M

10:15
5:56
± 2:19
0.068

7:45

6:40

2:40

5:10
6:00

1195
1396

1235
1164
1590
1312
1277
±151
0.001

6.64
6.51

6.37
7.16
6.70
7.18
6.69
± 0.33
0.897

10:15
-

-

17:45

13:10

8:30

9:30
6:10

33
-

33

33

33

32
33

-

-

-

-

1
1.13
± 0.64
-

0

1

1

2
1

-

-

-

-

-

-

-

-

BZD, Mo
Mo

Pneumonia
-

Cause of
death

-

Heartfailure
Heart failure,
dehydratrion
Mo
BZD, Mo
Pneumonia
BZD, GnRH None
Adenocarciagonist
noma of prostate, septic
shock
None
None
Septic shock,
pancreas carcinoma
None
ThiopenLegal euthatal, pancu- nasia
ronium
None
None
Ruptured abdominal aneurysm aorta
None
None
Cachexia
-

BZD
Mo

Medication Medicataken in the tion taken
past
in the last
3 month
None
Mo
-

Abbreviations: AD, Alzheimer’s Disease; Aki, Akineton; BZD, benzodiazepine; Car, carbamazepine; CSF, cerebrospinal fluid; DL, dorsolateral; Dyst, dysthymia; F, female;
Hal, haloperidol; L, left; Lev, levothyroxine; MDD, major disorder depression; Mo, morphine; M, male; NBB, Netherlands Brain Bank; ND, no data; None, no medication;
PFC, prefrontal cortex; PMD, postmortem delay; tria, triamterene; ZUC, zuclopenthixol.
1
Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol 1991;82(4):239-259.
2
Alexopoulos GS, Abrams RC, Young RC, Shamoian CA. Cornell Scale for Depression in Dementia. Biol Psychiatry 1988; 23: 271-84.

-

07-075
97-143

Contr
Contr

Table 1 Continued, Clinico-pathological information of patients with AD and control subjects
Group
NBB
Sex
Age
PMD
pH
Brain
ApoE Clock
Braak Cornell Type and courses
depression
number
(year) (h:min) CSF
weight
time at stage1 score2
duration
(g)
death
(months)
AD
93-030
F
87
3:00
6.50
1037
43
15:15
6
2
No mood disorder
Mean± 4M/9F 81.62
4:09
6.67
999
5.54
10.62
SD
±7.14
± 0:44
± 0.22 ±130
± 0.66 ± 7.53
Contr
93-035
F
89
4:20
6.68
1152
33
6:15
2
Contr
06-049
F
84
4:45
6.26
1179
33
11:20
1
-
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Mouse brain material
The animals were anaesthetized using CO2/O2 mixture, then decapitated. The left
frontal cortex and whole hypothalamus were rapidly dissected and frozen in liquid
nitrogen. All mice were sacrificed between 10:00 a.m. and 13:00 p.m.

Gene selection and Primer design
For information on the 65 genes studied see Table 2. The mRNA sequences for the
genes were downloaded from the NCBI at www.ncbi.nlm.nih.gov. Sequences and
size of the primer pairs are shown in Table 2. Procedures for RNA isolation, cDNA
synthesis and real-time quantitative PCR (Q-PCR) have been described before
(Wang et al., 2008).

Normalization strategy
To remove sampling-related differences (RNA quality and quantity), a normalization
strategy based upon the geNorm approach was used (Vandesompele et al., 2002).
The relative absolute amount of target genes were calculated by 1010×E-CT (E=10-(1/
slope)
) (Kamphuis et al., 2001). The geNorm analysis revealed that the transcript
level of all reference genes that were determined both in patients and mice could
be included in the calculation of the normalization factor. For information of
reference genes see Table 2.

Correlation with hypothalamic paraventricular nucleus (PVN) and
Cornell score
For 11 AD patients for whom both a Cornell score and the number of CRH
expressing neuron the PVN were available (Meynen et al., 2007), a correlation
with our data was performed.

Statistic analysis
For the human postmortem data, analysis of variance (ANOVA) was performed
for each molecule to identify statistically significant changes. To identify difference
between the depressed AD, non-depressed AD, and control, statistically significant
genes were subjected to a post hoc Least Significant Difference (LSD) test for the
contrasts depressed AD versus non-depressed AD, depressed AD versus control,
and non-depressed AD versus control. The correlations between the expression
levels of different brain areas were tested by Pearson’s correlation. For the mouse
experiment, the difference between gene expression levels was determined by
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Table 2 Information of Gene Selection, sequence of the primers, gene bank accession numbers, the size of amplified product for the target genes and reference genes
Gene
Official full name
Primer sequences (Forward)
Primer sequences (Reverse)
Accession numbers Amplicon
length (bp)
GABA pathway related molecules (Homo)
GABRA1
gamma-aminobutyric acid (GABA) ATGCCCAACAAACTCCTGC
ATAGGGAAGTCCTCCAAATGC
NM_000806
103
A receptor, alpha 1
NM_001127643
GABRA2
gamma-aminobutyric acid (GABA) CTTGGGATGGGAAGAGTGTAGT
GTTCTGTATCATAACGGAAGCCT NM_000807
64
A receptor, alpha 2
NM_001114175
GABRA3
gamma-aminobutyric acid (GABA) GCCCGACTGAGACCAAGACC
ATGGCAAAGAGCACAGGAAAGA NM_000808
81
A receptor, alpha 3
GABRA4
gamma-aminobutyric acid (GABA) TGGGCAAACCGTATCAAGTG
GAGGTGGAAGTAAACCGTCATAA NM_000809
74
A receptor, alpha 4
GABRA5
gamma-aminobutyric acid (GABA) CAGTCTTGTTCGGCACTTTCA
GAGAGGCGGCTCCTTTTAT
NM_000810
80
A receptor, alpha 5
GABRB1
gamma-aminobutyric acid (GABA) AGCCAGAGTCGCACTAGGAAT
CCAGCAGAGCCAGGAACAC
NM_000812
148
A receptor, beta 1
GABRB2
gamma-aminobutyric acid (GABA) CGGTGGATAGACTCCTG AA
TGGCAATGTCAATGTTCATC
NM_000813
91
A receptor, beta 2
GABRB3
gamma-aminobutyric acid (GABA) TGACAACCATCAACACCCACC
CAAAGACGAAGCAGCCCATAA
NM_021912
93
A receptor, beta 3
NM_000814
GABRD
gamma-aminobutyric acid (GABA) ATCGTGAACGCCAAGTCG
TGGAGGTGATTCGGATGCT
NM_000815
104
A receptor, delta
GABRE
gamma-aminobutyric acid (GABA) CATCCTCGTATCAATAGCCGTG
GCTCCTCTCCATCACTTCCCT
NM_004961
123
A receptor, epsilon
GABRG2
gamma-aminobutyric acid (GABA) CGTCCTATCCTGGGTGTCTTTC
CAATGGTGCTGAGGGTGGTC
NM_000816
102
A receptor, gamma 2
NM_198903
GABRQ
gamma-aminobutyric acid (GABA) CCTGGGAAGGACGATTACT
CCCTCTGAACCTGGAACTT
NM_018558
85
receptor, theta
GABBR1
gamma-aminobutyric acid (GABA) ATTACCGACCAAATCTACCG
CGCTGGCATCAAACACC
NM_021904
78
B receptor, 1
NM_021903
GABBR2
gamma-aminobutyric acid (GABA) TCACGGGTCAAGTTGTATTCC
CCTTCACCTCCCTGCTGTCT
NM_005458
83
B receptor, 2
GAD1
glutamate decarboxylase 1 (brain,
CGGCTAAGAACGGTGAGGA
CTTGCGGACATAGTTGAGGAGT
NM_000817
76
67kDa)
NM_013445
GAD2
glutamate decarboxylase 2 (pancre- CCACACAAGATGATGGGAGTC
TGCTGAAAGAGGTAGGAGGC
NM_000818
106
atic islets and brain, 65kDa)
NM_001134366
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glutamate receptor, ionotrophic,
AMPA 3
glutamate receptor, ionotrophic,
AMPA 4

glutamate receptor, ionotropic,
kainate 1
glutamate receptor, ionotropic,
N-methyl D-aspartate 1

glutamate receptor, ionotropic,
N-methyl D-aspartate 2A

glutamate receptor, ionotropic,
N-methyl D-aspartate 2B
glutamate receptor, metabotropic 1

GluR3
(GRIA3)
GluR4
(GRIA4)

GluR5
(GRIK1)
NR1
(GRIN1)

NR2A
(GRIN2A)

NR2B
(GRIN2B)
mGluR1
(GRM1)

Glutamate pathway related molecules (Homo)
GLS
glutaminase
VGLUT1
solute carrier family 17 (sodi(SLC17A7) um-dependent inorganic phosphate
cotransporter), member 7
VGLUT2
solute carrier family 17 (sodi(SLC17A6) um-dependent inorganic phosphate
cotransporter), member 6
GluR1
glutamate receptor, ionotropic,
(GRIA1)
AMPA 1
GluR2
glutamate receptor, ionotropic,
(GRIA2)
AMPA 2

AAGGATGTCAATACAGAACCC
CTCTGGCTTGTCTTGCTTTTCT

CTGAGAATAAAACAGACGAGG
CCTACGCCTCTGTCATTCTGC

CATCATCACCCAGACAGAGG

GGTGGGAGTGAAGTGGTCGT

ATCCAGATGGCTCTGTCGGT
TCAAGAAGTAATGGCACCG

GGCAGCCAGAACAATGAAGAT

CCCGAGGAAGACAACAAAGAA

AGTATCGAGTATCCCCTGTCTG

TAAGTTAGCCGTGTAGGAGGA

ATTGTTGGAGGTGTGTGGTG

TCACTACGAATGGAACTGTTTT

ACCCGACCATTCTCTCCAC

ATCCCACAGCAATCCATCAA

GTGAGTTTCATGCGTTTGG

ATCCAGAATAGACAAAATACACCAA

TAAAAAAGCTAACATCAGACCCC

TACTTGTCGGAGGTCTGGG

ACACTGTTGCCCATCTTATCC
CACACTTCTCCTCGCTCATCT

GCTTTCCATGTTGGTCTTCC
TCTTCTACGGGGTCTTTGCTT

NM_000838
NM_001114329

NM_000827
NM_001114183
NM_000826
NM_001083619
NM_001083620
NM_000828
NM_007325
NM_001077244
NM_000829
NM_001112812
NM_001077243
NM_000830
NM_175611
NM_007327
NM_021569
NM_000832
NM_000833
NM_001134407
NM_001134408
NM_000834

NM_020346

NM_014905
NM_020309

91

70

71

101

74

59

90

62

100

102

118
74

Table 2 Continued, Information of Gene Selection, sequence of the primers, gene bank accession numbers, the size of amplified product for the target genes and
reference genes
Gene
Official full name
Primer sequences (Forward)
Primer sequences (Reverse)
Accession numbers Amplicon
length (bp)
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Table 2 Continued, Information of Gene Selection, sequence of the primers, gene bank accession numbers, the size of amplified product for the target genes and
reference genes
Gene
Official full name
Primer sequences (Forward)
Primer sequences (Reverse)
Accession numbers Amplicon
length (bp)
mGluR2
glutamate receptor, metabotropic 2 GCAAGTATGTTGGGCTCGC
CTCGTTGAAGTTTTCGGGG
NM_000839
98
(GRM2)
NM_001130063
mGluR3
glutamate receptor, metabotropic 3 ATTGCCTGTCTGGGTTTTA
AAGGGTGTGTTGTTGTGCT
NM_000840
70
(GRM3)
PSD-93
discs, large homolog 2
TATTCCCCTGTTGAGTGTGA
ACGAGTTGCGGTGCTATGT
NM_001364
119
(DLG2)
NM_001142699
PSD-95
discs, large homolog 4
GGGTAACTCAGGTCTGGGC
CTTGGTGATGAAAATGGATGG
NM_001365
84
(DLG4)
NM_001128827
Reference genes (Homo)
RN18S
18S ribosomal RNA
TTCGTATTGCGCCGCTAGA
TGGCAAATGCTTTCGCTCT
NR_003286
70
ACTβ
actin, beta
CCCAGCGATGTACGTTGCTA
TCACCGGAGTCCATCACGAT
NM_001101
65
GAPDH
glyceraldehyde-3-phosphate dehy- CAATTCCATGGCACCGTC
TCTCGCTCCTGGAAGATGGT
NM_002046
62
drogenase
HMBS
hydroxymethylbilane synthase
GATCCCGAGACTCTGCTTCG
ACACTGCAGCCTCCTTCCAG
NM_001024382
70
TUBα
tubulin, alpha 1b
CTTTGAGCCAGCCAACCAGA
GTACAACAGGCAGCAAGCCAT
NM_006082
72
TUBβ4
tubulin, beta 4
GGGCCAAGTTTTGGGAGGT
CACTGTCCCCATGGTATGTGC
NM_006087
71
Stress related molecules (Mus)
CRH
Corticotropin releasing hormone
GCCCATGCTTAATTTCTATGTG
CTGGATGACTCCCATCTGCT
NM_205769.2
107
CRHR1
Corticotropin releasing hormone
CTTGGGATGCTACCGAGGAC
TTGTAGGGAGGTGGAGTGCC
NM_007762.4
100
receptor 1
CRHR2
Corticotropin releasing hormone
TCCATCCTTTACAGCCTTCC
GTGTTCGTTCTCCTCCCTTC
NM_009953.3
87
receptor 2
OXT
Oxytocin
CTCGGCCTGCTACATCCAGA
AGGTCCAGCACAGCCCTCTT
NM_011025.3
57
GR
Nuclear receptor subfamily 3, group GTGGTGCGATAGCAACAAAG
TACTCCCGAAGGTCCTGAAA
NM_008173.3
55
C, member 1
MR
Nuclear receptor subfamily 3, group TCTAGGAGAAGTGATGGGTA
CTTGGAAGGTCTTGAGGAT
NM_001083906.1
102
C, member 2
AR
Androgen receptor
TACAACTTTCCGCTGGCTCT
CGTAGTCCAATGGGTTCTCC
NM_013476.3
94
ESR1
Estrogen receptor 1 (alpha)
GGAACAGGCAAAAGGGATT
AGCAAAGGGAGAAAGAGAGC
NM_007956.4
61
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Table 2 Continued, Information of Gene Selection, sequence of the primers, gene bank accession numbers, the size of amplified product for the target genes and
reference genes
Gene
Official full name
Primer sequences (Forward)
Primer sequences (Reverse)
Accession numbers Amplicon
length (bp)
ESR2
Estrogen receptor 2 (beta)
TACGGTGTCTGGTCCTGTG
GCCGGTTCTTGTCTATGGT
NM_207707.1
85
NM_010157.3
AVP
Arginine vasopressin
AAGCAACGCCACACAGC
GCAGAATCCACGGACTCC
NM_009732.1
90
AVP1a
Arginine vasopressin receptor 1A
GGTAGAGAGGAGTTGGGTTG
TTCAGTGCTAATAGAGTGTCAGG NM_016847.2
91
GABA pathway related molecules (Mus)
GABRA1
gamma-aminobutyric acid (GABA) AGTGCGACCATAGAACCGAAA
TCCAAATAGCAGCGGAAAGG
NM_010250.4
123
A receptor, alpha 1
GABRA2
gamma-aminobutyric acid (GABA) GCTTGGGACGGGAAGAGTGT
GCTACCGCATAGGCGTTGTT
NM_008066.3
83
A receptor, alpha 2
GABRA3
gamma-aminobutyric acid (GABA) GCCCTGGAGATGAAGAAGAAA
ATCGCTGTTGGAGTTGAAGAA
NM_008067.4
164
A receptor, alpha 3
GABRA4
gamma-aminobutyric acid (GABA) ATCAATACAGATGCCGACCAG
TCCAGGCTGTGAGGAACTATG
NM_010251.2
187
A receptor, alpha 4
GABRA5
gamma-aminobutyric acid (GABA) CCATCTTGTTTGGCACTTTCA
GCAGTTTCATTTCTGTGGGAG
NM_176942.4
124
A receptor, alpha 5
GABRB1
gamma-aminobutyric acid (GABA) CTCACCTCAGGGAGACTTTG
TCCAGTAGAGCCAGGAACAC
NM_008069.4
97
A receptor, beta 1
GABRB2
gamma-aminobutyric acid (GABA) GGCTGTGATGAGTGAGTGTTG
GAAAGGCAGGATAATGACGA
NM_008070.3
100
A receptor, beta 2
GABRG2
gamma-aminobutyric acid (GABA) GTGTTTGGATGGCAAGGACTG
AAAGGCGGTAGGGAAGAAGAT
NM_008073.2
139
A receptor, gamma 2
NM_177408.5
GABBR1
gamma-aminobutyric acid (GABA) GCACCGAACCATTGAGACTTT
CAGCAGCCCTTTGTAACCATA
NM_019439.3
139
B receptor, 1
GABBR2
gamma-aminobutyric acid (GABA) CTGGGCAGAATCATCCTCAA
CAGCCACAGCGTTGTACTCG
NM_001081141.1
157
B receptor, 2
GAD1
glutamate decarboxylase 1 (brain,
AAGCACCGCCACAAACTC
CAGCACGCCCATCATCT
NM_008077.4
78
67kDa)
GAD2
glutamate decarboxylase 2 (pancre- GTGCTGGTAGAACTATGGAC
GTCTGGGCTAAGTTGTAAAG
NM_008078.2
164
atic islets and brain, 65kDa)
Glutamate pathway related molecules (Mus)
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Table 2 Continued, Information of Gene Selection, sequence of the primers, gene bank accession numbers, the size of amplified product for the target genes and
reference genes
Gene
Official full name
Primer sequences (Forward)
Primer sequences (Reverse)
Accession numbers Amplicon
length (bp)
GluR1
glutamate receptor, ionotropic,
TACAAATCCCGTAGCGAGTC
TCCACTGCCACTTCCTCC
NM_008165.2
135
(GRIA1)
AMPA 1
GluR2
glutamate receptor, ionotropic,
AAAAGAACGGCGTGTAATCC
CAGCAGGTCTCCATCAGTAAAT
NM_013540.2
139
(GRIA2)
AMPA 2
NR1
glutamate receptor, ionotropic,
AAGGAGTGGAACGGAATGAT
AAGGGCTTGGAGAACTCTATGT
NM_008169.1
113
(GRIN1)
N-methyl D-aspartate 1
NR2A
glutamate receptor, ionotropic,
GTCTGGGTGATGATGTTCGT
CCTTTGGCTAAGTTTCTGTTG
NM_008170.2
104
(GRIN2A) N-methyl D-aspartate 2A
NR2B
glutamate receptor, ionotropic,
GGCATCAGTGTCATGGTAT
CTCTAAGAAGGCAGAAGGTG
NM_008171.3
60
(GRIN2B) N-methyl D-aspartate 2B
PSD-93
discs, large homolog 2
ACCAACCTACCCTTTACCC
AACTAAGCAATCATCCTCCC
NM_011807.2
155
(DLG2)
PSD-95
discs, large homolog 4
ATCCTGTCGGTCAATGGTGT
GAATCGGCTATACTCTTCTGGT
NM_001109752.1
126
(DLG4)
GLS
glutaminase
GCACAGACATGGTTGGGATA
TTCACCAGTAATTGGGCAGA
NM_001081081.1
125
VGLUT1
solute carrier family 17 (sodiTGTTCCTCATAGCCTCCCTG
CGTCCTCCATTTCACTTTCGT
NM_182993.2
168
(SLC17A7) um-dependent inorganic phosphate
cotransporter), member 7
VGLUT2
solute carrier family 17 (sodiAATGGCAGTATGTCTTCCTC
TCTTCGCTTGTTTCCTCA
NM_080853.2
118
(SLC17A6) um-dependent inorganic phosphate
cotransporter), member 6
Reference genes (Mus)
18S
18S ribosomal RNA
GGACCAGAGCGAAAGCATTT
TCGTCTTCGAACCTCCGACTT
NR_003278.1
71
ACTβ
actin, beta
GCTCCTCCTGAGCGCAAG
CATCTGCTGGAAGGTGGACA
NM_007393.3
75
GAPDH
glyceraldehyde-3-phosphate dehy- TGCACCACCAACTGCTTAGC
GGCATGGACTGTGGTCATGA
NM_008084.2
87
drogenase
HPRT1
hypoxanthine phosphoribosyltrans- ATGGGAGGCCATCACATTGT
ATGTAATCCAGCAGGTCAGCAA
NM_013556.2
77
ferase 1
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Student’s t-test. All statistical analyses were performed using SPSS (Version 16.0,
SPSS Incorporation) and statistical significance was set at P ≤ 0.05. All tests were
two tailed.

RESULTS
Postmortem human study
There was no difference among depressed AD, non-depressed AD patients, and
control subjects for any of the putative confounders other than PMD (Table 1).
We observed that the PMD was shorter in the non-depressed AD patients when
compared to controls. However, gene expression of none of the single target genes
was correlated to the PMD in the non-depressed AD and control subjects (Data
not shown).

GABA related gene expression in AD patients
Transcript levels of several GABA-A receptor subunits GABRA1 (P = 0.002, Figure
1E), GABRA4 (P = 0.002, Figure 1F) and GABRA5 (P = 0.009, Figure 1G) were
significantly decreased in AD patients compared to controls (Table 3). Several
other GABA-A receptor subunits, GABRB2 (P = 0.011, Figure 1H), GABRG2 (P =
0.012, Figure 1I), GABRE (P = 0.030, Figure 1J) and one of the GABA-B receptor
subunits GABBR2 (P = 0.018, Figure 1K), showed a trend towards a reduction in
the AD group (P ≤ 0.05 was considered as a trend). Transcript levels for glutamic
acid decarboxylase 1 (GAD1; P = 0.008, Figure 1L) were significant lower while
GAD2 (P = 0.014, Figure 1M) showed a trend towards a reduction in AD.
Transcription levels of GABA-A receptor subunit: GABRA1 (P = 0.001), GABRA4
(P = 0.008) and GABRA5 (P = 0.001 Figure, 1O), GABRB2 (P = 0.009), GABRG2
(P = 0.002) were significantly lower in depressed AD patients than control subjects,
while GABAE (P = 0.016) mRNA level was higher. The expression of GABAB receptor
subunit GABBR2 (P = 0.001) and glutamic acid decarboxylase 1 (GAD1, P = 0.012)
were also decreased in the depressed AD group compared to controls. GABA-A
receptor subunit GABRA3 (P = 0.008) and GABRA5 (P = 0.011), and GABA-B receptor
subunit GABBR2 (P = 0.005) transcription level was also lower in the depressed AD
patients than non-depressed AD patients. Non-depressed AD patients had lower level
for GABRA4 (P = 0.009) expression compared to controls (Figure 1T).
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Abbreviations: AD, Alzheimer’s disease; Contr, control; DLPFC, dosolateral prefrontal cortex; WT, wild type; For abbreviations of gene see Table 2.
The differences among gene expression levels in the human postmortem study were determined by Students’ t-test. Because of multiple comparisons and the relatively small
group, a more strict level of P≤0.01 was considered to be statistically significant. For the mouse experiment, the difference between gene expression levels were determined
by Students’ t-test and statistical significance was set at P ≤ 0.05.
All tests were two tailed.
**P ≤ 0.01, * 0.01 < P ≤ 0.05.
$ decrease, # increase

Table 3 P-value on gene expression changes in postmortem study and animal study
Postmortem study
Animal study
Postmortem study
Animal study
DLPFC
Frontal
HypoDLPFC
Frontal
Hypothalamus
cortex thalamus
cortex
Gene
AD vs.
Depressed
NonTgAD
TgAD Gene
AD vs.
Depressed
NonTgAD mice TgAD mice vs.
Contr
AD vs. Nondepressed
mice vs. mice vs.
Contr
AD vs. Nondepressed
vs. WT
WT
depressed AD AD vs. Contr
WT
WT
depressed AD AD vs. Contr
GABA pathway related molecules
Glutamate pathway related molecules
GABRA1
0,002**↓
0,147
0,068
0,148
0,352
GluR1
0,233
0,504
0,723
0,661
0,055
GABRA2
0,248
0,299
0,651
0,917
0,881
GluR2
0,057
0,326
0,347
0,095
0,430
GABRA3
0,987
0,033*↓
0,260
0,819
0,526
GluR3
0,056
0,251
0,565
GABRA4
0,002**↓
0,604
0.017*↓
0,012*↓
0,359
GluR4
0,108
0,980
0,342
GABRA5
0,009**↓
0.001**↓↓
0,659
0,470
0,409
GluR5
0,006**↓
0,603
0.023*↓
GABRB1
0,977
0,106
0,396
0,773
0,179
NR1
0,300
0,286
0,153
0,073
0,970
GABRB2
0,011*↓
0,195
0,272
0,708
0,950
NR2A
0,042*↓
0,304
0,389
0,211
0,847
GABRB3
0,146
0,040*↓
0,988
NR2B
0,045*↓
0,123
0,676
0,349
0,016*↑
GABRG2
0,012*↓
0.071
0,423
0,754
0,145
mGluR1
0,039*↑
0,522
0,084
GABRD
0,923
0,703
0,874
mGluR2
0,616
0,039*↓
0,292
GABRE
0,03*↑
0,328
0,183
mGluR3
0,844
0,050*↓
0,210
GABRQ
0,406
0,774
0,400
VGluT1
0,131
0,288
0,991
0,668
0,300
GABBR1
0,187
0,079
0,977
0,601
0,050*↑ VGluT2
0,145
0,316
0,734
0,571
0,039*↑
GABBR2
0,018*↓
0,014*↓
0,887
0,189
0,160
PSD-93
0,909
0,071
0,300
0,768
0,960
GAD1
0,008**↓
0,744
0,083
0,421
0,715
PSD-95
0,195
0,079
0,711
0,756
0,852
GAD2
0,014*↓
0,991
0,059
0,620
0,131
GLS
0,089
0,179
0,839
0,357
0,581
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**P ≤ 0.01, * 0.01 < P ≤ 0.05

Figure 1 Transcript levels of GABA and glutamate related genes in DLPFC in AD
and sucrose consumption test in TgAD model.
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Glutamate related gene expression in AD patients
In the glutamate pathway, the KA receptor subunit GluR5 (P = 0.006, Figure 1A)
levels were decreased, the NMDA receptor subunits NR2A (P = 0.042, Figure 1B)
and NR2B (P = 0.045, Figure 1C) showed a trend for a decrease while NR1 (P
= 0.300) was unaltered (Table 3). The expression levels encoding for the AMPA
receptor subunits were not changed. Metabotropic glutamate receptor subunits
were unchanged except for mGluR1 (P = 0.039, Figure 1D) with a trend for an
increase in the AD group compared with controls. Glutaminase (GLS), pre-synaptic
transporter (VGluT1 and VGluT2) and post-synaptic scaffolding proteins (PSD93 and PSD-95) were unaltered. KA receptor subunit GluR5 (P = 0.018), NMDA
receptor subunit NR2B (P = 0.014), and post-synaptic scaffolding proteins (PSD95), GLS (P = 0.027) transcription level was lower in the depressed AD patients
compared to control subjects. While for the gene expression comparison between
depressed AD and non-depressed AD, there was no significant difference other
than PSD-95 (P = 0.038) in the glutamatergic pathway. For the gene expression
comparison between non-depressed AD and control subjects, the transcription
level of GluR5 (P = 0.023, Figure 1U) was decreased.
Correlations of gene expression levels in relation to the PFC
VGluT1 mRNA was strongly positively correlated to the Cornell score (ρ = 0.734,
P = 0.004) in AD patients. We did not find a correlation between GABA and
glutamate related genes and the number of CRH expressing neurons.

Animal study
APPswePS1dE9 and their wild type (WT) controls were studied at the age of
12-14 months. In these TgAD mice plaque deposition starts in the cortex and
hippocampus at the age of 5-6 months and plaque load continues to rise thereafter
(Jankowsky, Fadale et al. 2004). At 12-14 months plaque load, astrogliosis
and microgliosis are extensive in the cortex and hippocampus while in the
hypothalamus only few plaques can be found (Unpublished observations WK).

Sucrose preference test
Neither the absolute intake of sucrose solution nor the sucrose intake calculated
per body weight in TgAD mice showed a significant difference from that of WT
mice (Figure 1V-W).
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Stress-related gene expression
In the hypothalamus, only the expression of ESR2 was significantly increased in
TgAD mice compared to WT (P = 0.043). All other genes (CRH, CRHR1-2, AVP,
OXT, MR, GR, AR, ESR1) did not show a difference.
GABA and glutamate related gene expression
In the frontal cortex, for the GABA related genes, only GABRA4 expression was
decreased (P = 0.012). And for the glutamate related genes, no difference was
found between two groups.

DISCUSSION
To our knowledge, this is the first report in which both GABA and glutamate pathway
related genes have been studied in the PFC of AD patients that were prospectively
followed up for depressive symptoms and depression diagnosis. We observed an
alteration in the GABAergic pathway which indicates diminished activity in this
pathway. In the AD group VGluT1 was positively correlated with Cornell score. Since
the Cornell score was also correlated to the number of CRH expressing neurons in
the PVN (Meynen et al., 2007), the aminoacid neurotransmitters in the PFC may
be involved in the activation of the HPA axis in depression in AD as is also the
case in mood disorder patients. However, the TgAD mouse showed no depression
related behaviour, i.e. anhedonia, and no depression-related changes in the PFC, or
the hypothalamus such as a CRH expression increase.

GABA and glutamate related gene expression in AD patients
Post-synaptic GABA-A receptors are ion channels and mediate inhibition in the CNS
(Farrant and Nusser 2005). The pentameric receptors are generally comprised of
two α, two β, and one γ subunit. The reduced expression of GABRA1, GABRA4-5,
GABRB2 and GABRG2 we found in AD suggests a loss of GABAergic inhibition in
PFC. Interestingly, a trend for an increase of the transcript level of GABRE was also
observed. The ε subunit may replace the decreased subunits we mentioned before,
resulting in the construction of ε subunit-containing receptors (Jones and Henderson
2007; Bollan et al., 2008), that exhibit a reduced deactivation which may compensate for
a reduced inhibitory synaptic current (Wagner et al., 2005). The GABA-B receptors are
metabotropic and induce the slow, long-lasting component of inhibitory post-synaptic
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potentials. The observed trend for a decrease of GABBR2 mRNA also suggests a loss
of GABAergic inhibition in the same area.
Decreased mRNA levels of GAD1 and GAD2, which are responsible for
synthesis of GABA, also suggests a deficit of GABAergic transmission in PFC
in AD. The GABA system is generally considered to be quite robust in AD as
GABAergic neuron numbers and GAD enzyme activity in PFC were previously
found not to be changed (Rossor et al., 1982; Mountjoy, Rossor et al. 1984;
Reinikainen, Paljarvi et al. 1988). However, others reported that the frontal cortex
GABA levels were decreased (Lowe, et al., 1988). Moreover, the diminished
expression of two GABA-A receptor subunits in the PFC of AD patients (Luchetti
et al., 2009) suggests a deficit of the GABA.
Our study indicates the presence of a dysfunction of glutamate system in
DLPFC of AD patients. The observed alterations have a different pattern from
that previously observed in the hippocampus and entorhinal cortex that strongly
suggested that AMPA, NMDA and metabotropic glutamate receptors may play
crucial roles in AD pathogenesis while KA receptors were found to be spared
(Francis 2003; Parameshwaran et al., 2008). In the present study, the expression of
subunits of NMDA and metabotropic glutamate receptors showed a trend in AD
patients indicating a dysfunction of these receptors comparable to that in other brain
areas. However, we observed a decreased expression of GluR5, suggesting affected
KA in the DLPFC. We did not find changes in AMPA receptor subunits in AD.

GABA and glutamate related gene expression in AD patients with or
without depression
GABRA5 displayed a decreased mRNA level in the DLPFC in AD patients with
depression. The possibility that this alteration is associated with mood disorders
is supported by genetic studies. Polymorphisms in this gene were found to
be associated to bipolar disorder in different populations (Craddock et al., ;
Papadimitriou et al., 1998; Otani et al., 2005). Our results provided additional
evidence for a connection between GABRA5 and depression. The decreased
mRNA level of GABBR2 we observed in the DLPFC has also been confirmed at
the protein level in a depressed patient cohort (Ishikawa et al., 2005). In addition, a
recent paper reported increased GABBR2 mRNA in the hippocampus in subjects
with major depression (Ghose et al., 2011), which indicates that a reduction
of GABBR2 may occur in more brain areas in relation to depression. It is also
interesting to note that GABBR2 knockout mice showed depression related
behavior (Mombereau et al., 2005).
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Both the concordant GABA-A receptor and GABA-B receptor subunit changes
are of particular interest, since their reduction is likely to be involved in receptor
kinetics resulting in a dysfunctional GABAergic transmission. Moreover, the
previous finding that changes in the GABA and glutamate ratio correlate with
depression in AD (Garcia-Alloza et al., 2006) was confirmed in our finding that
the GABAergic pathway is relatively more affected in depressed AD than the
glutamatergic pathway.

Relation between PFC gene expression changes and Cornell score
Earlier we reported a positive correlation between the Cornell score and the
number of hypothalamic CRH expressing neurons in AD patients (Meynen et al.,
2007). Now we observed that, in the AD group, VGluT1 expression was positively
correlated with the Cornell score. This supports the idea that alterations in the
aminoacid neurotransmitters in the PFC may be involved in the activation of
the HPA axis in depression in AD as is also the case in mood disorder patients
(Raadsheer et al., 1995; Meynen et al., 2007). Since the amount of neuritic plaques
and tangles in the cortex of AD patients is related to the depression severity (Rapp
et al., 2008; Meynen et al., 2009), it seems worthwhile to further investigate the
possible effect of Alzheimer lesions on cortical aminoacid transmitters and HPAactivity.
Our results strongly suggest that the GABA and glutamate pathways in the
PFC are functioning in a concerted action on the activation of the HPA axis in
depressed AD patients. However, since observations in human post-mortem
material can only reveal correlations and cannot distinguish cause and effect, we
studied TgAD mice.

Alterations in TgAD model compared to human postmortem results
Our previous studies showed increased CRH activity in the hypothalamic
PVN in both AD and depression (Raadsheer et al., 1995; Wang et al., 2008). In
addition there was an imbalance in the receptors that are acting and inhibiting
the hypothalamic CRH neurons in depression (Wang et al., 2008). However, in
TgAD mice we did not find any change that was observed in the postmortem
study, only ESR2 transcript levels were increased in the transgenic mouse, while
such an elevation was not observed in the postmortem study (Table 4). These data
show that the hypothalamic changes in depressed patients (Wang et al., 2008)
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and AD patients (Raadsheer et al., 1995) are not reflected in the hypothalamus of
TgAD mice.
Table 4A Comparison between depression postmortem study and TgAD animal study in hypothalamus
Target gene
Depression
TgAD mice
▲
CRF
Unchanged
▲
CRFR1
Unchanged
CRFR2
Unchanged
Unchanged
▲
AVP
Unchanged
AVPR1A
Unchanged
Unchanged
OXT
Unchanged
Unchanged
▲▲
MR
Unchanged
GR
Unchanged
Unchanged
▼
AR
Unchanged
▲
ESR1
Unchanged
▲
ESR2
Unchanged
Table 4B Comparison between AD postmortem study and TgAD animal study in frontal cortex
Target gene
AD vs. Contr
Depressed AD vs. NonNon-depressed
TgAD mice vs.
depressed AD
AD vs. Contr
Wild type
GABA related molecules
▼▼
GABRA1
Unchanged
Unchanged
Unchanged
▼
GABRA3
Unchanged
Unchanged
Unchanged
▼▼
▼
▼
GABRA4
Unchanged
▼▼
▼▼
GABRA5
Unchanged
Unchanged
▼
GABRB2
Unchanged
Unchanged
Unchanged
▼
GABRB3
Unchanged
Unchanged
Unchanged
▼
GABRG2
Unchanged
Unchanged
Unchanged
▼
▼
GABBR2
Unchanged
Unchanged
▼▼
GAD1
Unchanged
Unchanged
Unchanged
▼
GAD2
Unchanged
Unchanged
Unchanged
Glutamate related molecules
▼
NR1
Unchanged
Unchanged
Unchanged
▼
NR2A
Unchanged
Unchanged
Unchanged
▼
NR2B
Unchanged
Unchanged
Unchanged
▼
mGluR2
Unchanged
Unchanged
Unchanged
▼
mGluR3
Unchanged
Unchanged
Unchanged
qq decrease (P ≤ 0.01); q decrease (0.01 < P ≤ 0.05)

In AD patients, we found, 13 molecules that showed a significant decrease or
trend, while in TgAD mice only one molecule (GABRA4) was decreased. GABRA4
decrease was present in the non-depressed AD subgroup compared to controls,
but no difference was observed between AD patients with and without depression.
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This suggests that the change of GABRA4 is not related to depression but rather
to AD, it also fits with our sucrose preference experiment which indicates there
is no anhedonia in these mice. However, when we consider the entire GABA and
glutamate system, the agreement between the changes in AD patients and TgAD
mice is neglectable.
For the depressed AD group we found that GABRA5 was significantly
decreased, also GABRA3, GABRB3, GABBR2, mGluR2 and mGluR3 showed a
decreased trend compared to non-depressed AD patients. The TgAD mice did
not show any of the changes that we observed in the human PFC for these six
molecules (Table 4B).

Limitations
Several limitations should be mentioned in this study. First, post-mortem
human brain studies of psychiatric disorders have their inherent limitations. In
our study, the group size is relatively small. However, for Q-PCR, frozen brain
material is needed from clinically well-documented patients and well-matched
control material with a relatively short post-mortem time and good quality of
RNA, which is extremely difficult to obtain. An extra difficulty of the current
study is the unique combination of prospectively scoring depression in AD
patients over a longer period before death and obtaining permission for a brain
autopsy from the same patients after death. Secondly, we could not match PMD
between depressed AD and non-depressed AD in our study. However, out of 33
target genes, there were 3 genes (GABRA4, mGluR1 and PSD-95) which were
significantly correlated to PMD. Therefore, the significant changes we found in
our study are largely unconfounded by the difference in PMD. Third, the brain
area available for our study was limited to DLPFC. Many other brain regions have
structural and functional disturbances in psychiatric conditions (Drevets et al.,
2008), which asks for extensive series of comparisons of these variables in one
and the same study in the future. A fourth point that needs to be mentioned is
medication as a possible of confounding factor. Anti-depressant treatments appear
to eliminate the deficit in cortical GABA levels associated with MDD (Krystal et
al., 2002) and benzodiazepine administration appear to reduce cortical GABA
levels in healthy subjects (Goddard et al., 2004). And antidepressants influence
the SCN which in turn might influence the adrenal cortical sensitivity to ACTH
and therefore changes in cortisol. An animal study showed that treatment (with
haloperidol and diazepam) was limited to GABA-A receptors that do not contain
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an α5 subunit (McLeod et al., 2008). Our data showed decreased GABA related
gene expression in depressed AD patients, so the differences might even have been
more pronounced without medication. Since postmortem tissue of depressed AD
patients who did not receive medication is quite impossible to come by, additional
information will hopefully come from in vivo imaging studies of medication-free
patients. Another possible confounding factor is the cause of death which might
affect brain metabolism for extended periods of time. However, CSF pH, a good
indicator of agonal states in brain tissue (Monoranu et al., 2008), was well matched
between our groups. This makes it unlikely that the cause of death has influenced
our findings.

CONCLUSIONS
The present study shows that GABAergic neurotransmission related gene in the
DLPFC is differentially expressed in AD patients with and without depression
which may provide possible new targets for therapeutic strategies to treat
depression in AD. In AD patients there was a positive correlation between VGluT1
mRNA expression in the DLPFC and depressive symptoms as determined by the
Cornell score. The TgAD model did not show these changes in the frontal cortex
and hypothalamus, nor did it show a depression-like symptom, i.e. anhedonia,
suggesting this model is not suitable to study these aspects of depression in AD.
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SUMMARY AND
GENERAL DISCUSSION

Summary and discussion

SUMMARY OF MAIN FINDINGS
The research described in this thesis was centred on two questions. Firstly, we
investigated whether suicide, as specific entity and as part of the symptomatology
of depressive disorder, is characterized by specific neurotransmitter changes in
the prefrontal cortex (PFC). To this end, we studied two independent patient
cohorts: the Stanley Medical Research Institute (SMRI) cohort, consisting of major
depressive disorder (MDD) patients who had committed suicide, and a Netherlands
Brain Bank (NBB) cohort, consisting of elderly MDD and bipolar disorder (BD)
patients who had died of non-suicidal causes. Secondly, we investigated possible
differences in molecular changes in the PFC, between Alzheimer’s disease (AD)
cases with major depression as comorbidity, and patients suffering from MDD
per se. We also used the APP/PS1 double-transgenic mouse model of AD, which
overexpresses mutated forms of the human amyloid precursor protein (APP), and
presenilin 1 (PS1), to test the hypothesis that molecular changes in the frontal
cortex may induce hypothalamic-pituitary-adrenal (HPA) axis hyperactivity in
AD.
In Chapter 1, we first provide a general introduction on the stress system and
mood disorders, including the anatomy and general physiology and the interaction
of the HPA axis and PFC, and the interaction between HPA and PFC changes in
relation to mood disorders, such as MDD and BD, suicide and depression in AD.
In addition, neurotransmitters involved in these mood disorders are discussed
and the main aims and outline of this thesis are presented.
In Chapter 2, we briefly discuss possible reasons for the discrepancies between
patients with depression and those that have committed suicide based on the
available literature.
In Chapter 3, we set out to answer the first question mentioned above and used
real-time quantitative PCR (Q-PCR) to determine the expression of genes related
to two main neurotransmitter systems, i.e. gamma-aminobutyric acid (GABA)
and L-glutamatic acid (glutamate). We studied postmortem tissue of the anterior
cingulate cortex (ACC) and dorsolateral PFC (DLPFC) of elderly, non-suicidal
patients with MDD, or BD patients from the NBB cohort. We found that only
the transcript levels of GABA-A receptor beta-2 (GABRB2) and of post-synaptic
density-95 (PSD-95) were significantly decreased in the ACC in both these mood
disorders. In the DLPFC, however, mRNA expression of all the genes detected in the
mood disorders group did not differ significantly from that of the non-psychiatric

197

8

Chapter 8

controls. In follow-up studies in the SMRI cohort, we found that depressed
patients who had committed suicide (MDD-S), had a different expression pattern
with respect to GABA and glutamate than those who died of causes other than
suicide (MDD-NS) (Chapter 4). Similar comparisons were made for monoamines
and nitric oxide (NO) (Chapter 5) and glial markers (Chapter 6).
In Chapter 4, we describe an enhanced expression of GABA/glutamate related
genes in the ACC in the MDD-S group, while transcript levels in the MDD-NS
group from the SMRI cohort were decreased. Moreover, in the DLPFC, there was a
decrease in gene expression in the MDD-S compared to MDD-NS patients, while
both groups showed increases in gene expression compared with control subjects.
In Chapter 5, we report that the expression levels of corticotropin-releasing
hormone (CRH) and neuronal nitric oxide synthase (NOS)-interacting DHHC
domain-containing protein with dendritic mRNA (NIDD) were increased in the
ACC of the MDD-S group. Other changes, i.e. decreased NIDD and increased
5-hydroxytryptamine receptor 1A (5-HT1A) expression levels, were only present
in the NBB depression group. These changes were more pronounced in the ACC
than in the DLPFC.
In Chapter 6, we report a significant increase in neuronal located components
(EAAT3, EAAT4, ASCT1, SNAT1, SNAT2) of the glutamate-glutamine cycle in
the ACC, whereas the astroglia located components (EAAT1, EAAT2, GLUL) were
decreased in the DLPFC of MDD-S patients. In contrast, most of the components
in the cycle were increased in the DLPFC of MDD-NS patients.
Concerning the second question of this thesis, we showed that the GABRA5
mRNA level was significantly decreased in the DLPFC of depressed AD patients.
Moreover, vGluT1 mRNA levels were positively correlated to the Cornell score for
depression severity. However, these alterations were different from those observed
in patients suffering from MDD alone. In the APP/PS1 mice, there were no GABA
or glutamate-related gene expression changes, and no comparison could be made to
those observed in depressed AD patients. Furthermore, the HPA axis was not activated
in APP/PS1 mice under basal conditions. No difference in sucrose preference, an
indication for depressive-like behaviour, was found either (Chapter 7).
In conclusion, based on the results described in this thesis, we speculate that
mood disorders and suicide are two different entities, while mood disorders per
se, and depression in AD are also different when it comes to specific molecular
alterations. Later on in the Discussion we will give some suggestions for further
research.

198

Summary and discussion

Severe mood disorders and suicide: two different disorders?
Suicide is a cause of death persistently associated with mood disorders (Joiner et
al., 2005; Knorr et al., 2016), and there is a strong relationship of suicide ideation
with mood disorders, which in fact is one of the DSM criteria for depression
(Vannoy et al., 2007). However, we found that some neurobiological factors seem
to contribute to suicide per se that are independent of the psychiatric disorders
(see before in Summary of main findings).
The availability of appropriate brain collections has provided a unique
opportunity to investigate morphological and chemical alterations in diseased
brain tissue for aspects and a level of (molecular) detail that neither in vivo
neuroimaging nor animal models could offer. Post-mortem studies therefore
represent an essential complementary source for the understanding of specific
(molecular) aspects of the neurobiology of psychiatric disorders. So far, postmortem studies on mood disorders and suicide have often been inconsistent.
One critical issue for interpreting this inconsistency is the different case-control
matching strategies. For instance, studies that have claimed to determine
molecular alterations in relation to depression had often selected mood disorder
patients who had committed suicide, who were then compared with controls who
did not suffer from a psychiatric disease, and had not committed suicide. This may
be due, at least partly, to the fact that suicidality is generally perceived as a medical
complication and an integral aspect of depression, rather than a disorder in its
own right. Indeed, suicide was only listed as a symptom of psychiatric disorders in
the DSM-4, while the DSM-5 still does not code suicidal behaviour, although it is
the most prominent emergency in psychiatry (Aleman and Denys, 2014).
On the other hand, the studies that claimed to show changes in relation to
suicide per se appeared to compare suicide cases to matched controls without any
psychiatric disorder, thus disregarding the fact that the great majority of suicides
suffered from a psychiatric disorder (Hawton and van Heeringen, 2009; Knorr et
al., 2016). Although a large proportion of suicides occur in those subjects who
suffer from mood disorders, only a small number of these subjects attempt suicide
and an even smaller number actually commit suicide (Beck and Steer, 1989;
Cullberg et al., 1988). While the presence of mental illness is a major risk factor
for suicide, other factors, such as psychosocial crises and notable life events, also
play a role (Cavanagh et al., 1999; Hawton and van Heeringen, 2009; McClatchey
et al., 2017; Pandey, 2013).
Our studies found that GABA and glutamate-related genes, the neuronally-
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located components of the glutamate-glutamine cycle, were increased in the ACC
of MDD-S patients as compared to MDD-NS patients and non-psychiatric control
subjects (Zhao et al., 2016, Chapter 6). In contrast, both GABA and glutamaterelated genes were lower in the depressed patients who did not commit suicide,
confirming our earlier study (Zhao et al., 2012, Chapter 3). In another brain subarea, DLPFC, GABA and glutamate-related genes, astroglia located components
were found to be decreased in the MDD-S patients as compared to MDD-NS
subjects (Zhao et al., 2016, Chapter 6). Consistent with this, in another study that
studied CRH and serotonin related genes by using the same patient cohort we
had also showed that different genes (increased CRH and NIDD) were linked to
suicide, while increased 5-HT1A and decreased NIDD were related to depression
(Zhao et al., 2015, Chapter 5). These data suggest that depression and suicide have
different gene expression patterns in various neurotransmitter systems, which
suggests that suicide may be an independent disorder.

Ketamine and other NMDA antagonists:
In Chapter 4, we found increased AMPA-receptor subunit and NMDA-receptor
subunit expression in the ACC of MDD-S patients. Further studies are needed to
establish whether selectively suppressing ACC activity by targeting glutamatergic
synapses locally, could be used as a therapeutic approach towards the prevention of
suicide. Ketamine is a NMDA receptor antagonist that was used as aneatheticum,
but was abandoned because of its serious side effects, such as hallucinations
(Strayer and Nelson, 2008). The emergence of intravenous ketamine therapy has
been celebrated as perhaps the “most important breaking through in antidepressant
treatment in a decade” (Insel, 2014). Studies have shown that antidepressant
responses to ketamine started at 3 to 4 hours post-infusion across all open-label
investigations and controlled trials to date (N = 101), with effects that are equal
to or greater than the effects of six weeks of treatment with other antidepressant
medications (aan het Rot et al., 2010; aan Het Rot et al., 2012). More important,
this rapid antidepressant effect is also true for patients with treatment-resistant
depression (Fekadu et al., 2009; Nemeroff, 2007). Furthermore, ketamine decreased
suicidal ideation with treatment-resistant depression within 40 minutes, and these
decreases remained significant throughout the first 4 hours post-infusion, so it
appears that one of the earliest effects of the drug is a profound reduction in suicidal
thoughts (DiazGranados et al., 2010). Recent pilots aimed to evaluate feasibility and
effects of a sub-anaesthetic infusion dose of ketamine versus midazolam on suicidal

200

Summary and discussion

ideation in BD demonstrated that suicidal thoughts were lower (trend significant)
after ketamine than after midazolam (Grunebaum et al., 2017).
The mechanism as to how exactly ketamine infusion can produce glutamatergic
activation of AMPA receptors remains obscure. Recent animal study showed that
blockade of NMDAR-dependent bursting activity in the 'anti-reward center', the
lateral habenula (LHb), mediates the rapid antidepressant actions of ketamine
in rat and mouse models of depression. This suggests that ketamine may quickly
elevate mood by blocking NMDAR-dependent bursting activity of LHb neurons
to disinhibit downstream monoaminergic reward centres (Yang et al., 2018).
Studies suggest that NMDA receptor antagonists, such as ketamine, trigger
glutamate release from presynaptic terminals, which causes more glutamate to
bind to AMPA receptors (Adams and Moghaddam, 2001; Moghaddam et al., 1997;
Moghaddam and Adams, 1998). It might also be a metabolite of ketamine called
hydroxynorketamine (HNK) whose antidepressant action is to increase the levels of
AMPA-receptors at synapses, thereby enhance neural activity (Zanos et al., 2016).
The necessity of AMPA activation implies that ketamine induces synaptogenesis by
increasing glutamate signalling rather than by protecting neurons from glutamate
excitotoxicity (Newport et al., 2015). The linkage between NMDA antagonism
and AMPA receptor activation is a crucial point here, as this might be helpful for
clarifying the neuroprotective of ketamine in some contexts (Brunson et al., 2001;
Yan and Jiang, 2014) but potentially neurotoxic in others (Yan and Jiang, 2014; Yan
et al., 2014; Zuo et al., 2014). This dual potential of ketamine must be considered
when contemplating its therapy in the clinical setting.

TECHNICAL CONSIDERATIONS
Human postmortem brain material: practical limitations
As Dr. Webster, director of the Stanley Foundation, mentioned in a review,
there are inherent limitations to the use of postmortem human tissue that could
confound the measurement of the biological effect of interest (Webster, 2006).
Here, we discuss the potential issues that have to be taken into account when using
human brain samples in general, with a special focus on human gene expression
profiling studies. Firstly, age is a major factor that affects gene expression (ErrajiBenchekroun et al., 2005; McKinney et al., 2015). In addition, the pH of the tissue
affects RNA integrity, yield and individual gene expression (Altar et al., 2005;
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Mexal et al., 2006). Agonal state influences, e.g., brain pH, and subjects who died
after a long terminal illness have a lower pH in the brain (Hardy et al., 1985). For
this reason most brain banks determine the pH of cerebrospinal fluid (CSF) at
autopsy.
Gender also influences gene expression in certain brain areas (CantutiCastelvetri et al., 2007; Preece and Cairns, 2003), as does lateralization and PMD
(Bamford et al., 2000; Tomita et al., 2004). For instance, it is well known that
women are more vulnerable to depression than men. Also differences in race
may confound gene expression (Drentea and Goldner, 2006). When designing
studies to measure gene expression, equal numbers of cases and controls must
be matched as a group for the individual variables. Alternatively, a matched-pairs
design can be employed, where each case has a gender-matched control that also
matches age, sex, race, PMD, pH, and hemisphere as closely as possible. In reality,
the limited availability of postmortem material tends to be the reason for a group
match. In our studies we have matched all these factors. Although some of the
group sizes were rather small, they were well matched for possible confounders.
The confounding variables can also be corrected for in the statistical analysis by
including the variables as covariates in an ANCOVA analysis if the dependent
variable is reasonably normally distributed. However, if one uses 6 extra covariates
(age, sex, etc.), loss of resolution is a serious risk. This could be repaired by stepwise elimination of non-significant covariates.
Another major concern when using postmortem tissue is medication,
particularly for studies on depression. This is not only because only very few
depressed patients do not receive medication, but also because treatment of
depression typically includes long-term administration of medication that may
have strong effects on brain neurochemistry. Studies have found changes in, e.g.,
gene expression following treatment with antidepressants, antipsychotics, mood
stabilizers, and other psychotropic medications (Gasso et al., 2017; Gonzalez et al.,
2014; Nugent et al., 2013; Sibille et al., 2011). In general, there are several different
ways to assess such medication effects, based on the review of McCullumsmith
(McCullumsmith et al., 2015). For example, animal models are widely used,
especially rodent models up to 4 weeks with medication administration (Duric
et al., 2013; Gumuslu et al., 2013; Qiu et al., 2014). However, such a relatively
short treatment in rodents does not necessarily mimic a lifetime treatment in
humans. Longer treatment intervals (such as 6 months) may be more analogous
to the treatment course in human subjects (Preti, 2011; Tamminga et al., 1994).
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However, this is limited due to the high cost and long experiment schedule. Similar
to nonhuman primates, which are more analogous treatment models, but this is
also limited by the access to primate colonies as well as the huge cost (Eggan, 2008;
Konopaske et al., 2008). Another approach is based on the availability of subjects
"off " medication for a period of time prior to death. The limit of this approach is
that being "off " antipsychotic medication for weeks to months may not reverse
a lifetime of changes. A third way to probe for medication effects is to perform
statistical analyses to see whether the data was affected by the medication. There
are shortcomings as well, including the high rate of treatment noncompliance
in patients with severe mental illness (Basil et al., 2006). Matching is also a
possibility if people without a psychiatric disorder in the control group get the
same medication, but this rarely occurs. In our NBB patient cohort, we have tried
to select patients who did not take steroid medication for at least the last three
months. The influence of medication on gene expression in depressed patients is
a very important issue. However, this issue is complicated due to combinations of
drugs, some of which may not even have been recorded, and appropriate statistical
analysis would require a number of observations that far exceeds the number of
available patients in our studies.

RNA integrity
Although some studies have suggested that human post-mortem brain RNA is
stable (Cummings et al., 2001; Leonard et al., 1993; Yasojima et al., 2001), many
others have shown that RNA integrity is largely dependent on several factors,
including agonal state, hypoxia, and post-mortem delay (PMD, time elapsed
between death and tissue processing) (Harrison et al., 1995; Li et al., 2004; Preece
and Cairns, 2003; Ross et al., 1992; Walker et al., 2016; Yates et al., 1990). The
introduction of the RNA Integrity Number (RIN) as a quantitative measure of
RNA integrity allows standardization and a more systematic approach in quality
control and inclusion/exclusion procedures for gene expression studies.
Studies using Q-PCR-based analyses recommend the use of RIN thresholds,
below which samples should be excluded from analysis. For example, Fleige et al.
proposed RIN ≥ 5 as a cut-off value in different bovine tissues and cell cultures for
Q-PCR study (Fleige et al., 2006), while in human brain tissue, RIN ≥ 3.95 was
calculated as threshold by Weis et al. for his microarray study (Weis et al., 2007).
Our RNA had good RIN values (most of them are higher than 7), which surely
helps to minimize the impact of integrity.
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Difficulties in establishing protein changes
Quantitative, or real-time, PCR is frequently used to study gene expression changes
in various cell types or specific tissues in relation to diseases. In the present thesis,
we explored gene expression changes in the human prefrontal cortex of postmortem
tissue of patients who suffered from depression, suicide or AD, and also made an
effort to quantify, by means of Western blot, protein levels of those genes that
showed clear mRNA expression changes across the different disease groups.
A study based on label-free liquid chromatography mass spectrometry showed
that in depression patients, which were mostly composed of suicide victims, a
hyperglutamatergic state was present in the anterior PFC (Gottschalk et al., 2015).
However, with Western blotting, we could not find a significant difference at the
protein level in 7 genes (4 from SMRI and 3 from the NBB AD patient cohort)
that showed mRNA changes. Various other studies, too, showed that mRNA levels
are often not predictive for protein levels, especially on the individual gene level.
Indeed, independent of the cell or tissue type investigated, the most significant
reported correlations of mRNA vs. protein concentrations centre around R2 =
0.4 (De Sousa Abreu et al., 2009). Also users of microarrays report that protein
expression changes correlate with mRNA data only in less than 50% of the cases
(Chuaqui et al., 2002). Nevertheless, a study reported that when high quality mRNA
is used, in particular high expression levels, it would improve the correlation
between mRNA and protein (Ostlund and Sonnhammer, 2012). Diametrically
opposed to these findings, however, is the report of Guo and colleagues, that high
mRNA levels do not predict a better correlation between mRNA and protein levels
(Guo et al., 2008).
There may be technical and/or biological reasons for the discrepancies between
mRNA and protein levels. Both techniques used Q-PCR and Western blotting,
which may introduce a substantial amount of variability to the data, even if the
experiments are properly conducted. Small expression changes might therefore
not be detectable. Post-transcriptional mechanisms might also be a key factor in
explaining why the overlap between mRNA and protein levels is very limited. This
may concern alternative splicing, polyadenylation, the interaction with stabilizing
or destabilizing RNA-binding proteins and/or microRNAs, which influence
mRNA half-lives and translation, and which in turn determine an increase or
decrease of the corresponding protein levels (Pascale and Govoni, 2012). Changes
in translation efficiency and regulation can lead to non-linear translation rates
from mRNA to protein. Moreover, posttranslational modifications and protein
turn-over rates can either lead to protein accumulation or to fast degradation.
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Post-transcriptional mechanisms further affect the relative quantities of mRNA
and protein to different degrees (De Sousa Abreu et al., 2009) and the correlation
of mRNA and protein might even vary for different individuals (Guo et al., 2008).
Finally, mRNA is mainly present in the cytoplasm around the nucleus, while the
protein changes may only be clear in the terminals of these neurons, which may
even be localized in a different brain area. These factors make it very difficult to
predict protein levels based on mRNA data. Our group is currently performing
proteomics in order to get an overview of the protein changes in mood disorders.

FUTURE PERSPECTIVES ON DEPRESSION AND
SUICIDE RESEARCH
Changes in another brain area: hippocampus
HPA axis activation is a major and commonly found alteration in both mood
disorder and suicide (Bao et al., 2008; Bao et al., 2012; Turecki, 2014; Turecki and
Meaney, 2016). Several brain structures are involved in HPA axis regulation; apart
from the ACC (MacLullich et al., 2006), the hippocampus also inhibits stressinduced HPA activation (Jacobson and Sapolsky, 1991), whereas the amygdala
may enhance glucocorticoid secretion via the HPA axis (Herman et al., 2005).
Systematic review and Meta-analyse have shown that depressed patients had
significantly smaller hippocampal volume relative to control subjects (Geerlings
and Gerritsen, 2017). However, there are only a few studies that have focused on
hippocampal GABA and glutamate changes in MDD. Higher neuronal densities
of glutamic acid decarboxylase (GAD), the key enzyme of GABA synthesis, were
found in MDD patients (Bielau et al., 2007), and decreased glutamate receptor
GluA1 expression was reported in the hippocampus of MDD patients (Law and
Deakin, 2001). There is also one study showing an increase in GABA-A receptors
containing alpha5 subunits in the hippocampus from subjects with BD (Dean et al.,
2005). Since then, various microarray-based investigations have been performed
on the hippocampus of suicide victims with and without major depression and
in psychiatrically normal controls. These yielded a vast amount of expression
changes (Sequeira et al., 2007), especially in the glutamatergic and GABAergic
pathways (Sequeira et al., 2009). These studies suggest that GABA and glutamaterelated changes in the hippocampus are suicide-related, but whether these changes
are related to MDD per se or whether suicide also plays a critical role in these
alterations in MDD patients remains unknown, and further studies are warranted.
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Suicide in other diseases
In the ACC of suicide victims, we found pronounced gene expression changes,
especially for GABA and glutamate-related genes (Chapter 4). Evidence from
numerous empirical studies, suggests that over 90% of suicide victims have a
diagnosable psychiatric illness (Singhal et al., 2014; Wasserman et al., 2012;
Whiteford et al., 2013). Apart from the two most prevalent psychiatric disorders
related to suicide, MDD and BD, also schizophrenia and multiple sclerosis (MS)
have a high risk for suicide (Kasckow et al., 2011). An important question for
future research is thus whether our GABA and glutamate findings are limited to
MDD and BD, or whether they are a general phenomenon in suicide per se. The
NBB has collected tissue that would make it possible to study suicide in relation to
MS in the future. The lifetime suicide risk in schizophrenia is 4-5%, with the risk
being highest early after onset of the disorder (Palmer et al., 2005). Epidemiological
data suggest that the standardized mortality ratio (SMR) for suicide in MS is
approximately twice time higher than in the general population, with younger
males in the first few years following diagnosis being most at risk (Feinstein and
Pavisian, 2017). Feinstein studied 140 patients in an MS clinic, and found that
29% had experienced suicidal intent, while 9 of the 140 had actually attempted
suicide (Feinstein, 2002). The risk for suicide is associated less with the core
symptoms of schizophrenia, such as delusions and hallucinations, but more with
depression and specific affective symptoms (e.g., agitation, sense of worthlessness,
and hopelessness), and a lifetime prevalence of depression in MS patients is well
over 50% (Chwastiak and Ehde, 2007; Feinstein, 2002). Other studies have shown
that the estimated prevalence of depression in MS has been 24% and the 1-year
incidence in a clinical sample was 4% (Marrie et al., 2015; Patten et al., 2010).
Patients with other neurological diseases, such as epilepsy or Parkinson’s
disease, also run a higher risk of mood disorders and an increased risk of suicide
(Lewis et al., 2014). A different group of patients that might be interesting to study
in terms of specificity of the ACC changes, are patients who deem their life is
complete and patients who ask for euthanasia or help with suicide.

Proteomics
Extensive gene expression data has been collected from postmortem brains on
changes in neurotransmitter and pathways prior to a successful suicide attempt
(Flory et al., 2017; Mann et al., 2001; Mann et al., 2009; Sequeira et al., 2009), but
proteomic studies are still scarce. Our current gene expression data set suggests
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that suicide, rather than mood disorder, is related to alterations in GABA and
glutamatergic transmission in the ACC, and that these two disorders have different
gene expression patterns (Zhao et al., 2012; Zhao et al., 2015). Most likely, the
molecular mechanisms in the brain that lead to suicide coexist with pathological
changes along functional protein networks.
Concerning the possible mechanisms involved, it might be that, in addition
to genetic factors (Padurariu et al., 2016), epigenetic changes such as hypermethylation of the ribosomal-RNA promoter and 5’ regulatory region could cause
aberrant changes in protein synthesis in the suicide brain (Almeida and Turecki,
2016; McGowan et al., 2008). Also, it is known that psychoactive drugs can change
the risk of suicide, and there are also other potential biomarkers for the prediction
of suicidal behaviours (Coryell and Schlesser, 2007; Falcone et al., 2010; Hunter et
al., 2010; Magno et al., 2010; McGuffin et al., 2010; Neves et al., 2010; Sudol and
Mann, 2017).
In the past two decades, the 2D gel-based and liquid-based proteomic
techniques have provided new insights into the molecular processes of the brain
(Robinson et al., 2009). Gottschalk et al. found that MDD and BD (the majority
of these patients were suicide victims) were linked to a hyperglutamatergic state
and hyperfunction of energy metabolism in the anterior PFC (Gottschalk et al.,
2015), which supports our findings in the suicide patients. Our group is currently
applying proteomics on the ACC and DLPFC of mood disorder patients to further
study this possibility.

Imaging molecules in major depression and suicide
Imaging techniques can be used to visualize, characterize and measure molecular
and cellular levels in living systems. Two techniques, namely magnetic resonance
spectroscopy (MRS) and positron emission tomography (PET), help to shed
light on psychiatric disorders. MRS is a non-invasive technique that allows the
assessment of levels of biochemical metabolites in the brain, while PET allows
radioligands to be injected into the bloodstream that bind, and can thereby
visualize (the location and amount of), specific proteins or receptors in the brain.
Studies using MRS have generally shown a reduction of GABA and glutamate/
glutamine in the ACC of MDD patients (Bhagwagar et al., 2008; Hasler et al., 2007;
Yuksel and Ongur, 2010), and their increased response to antidepressant (Brennan
et al., 2017) and repetitive transcranial magnetic stimulation (Dubin et al., 2016),
indicating a role for GABA and glutamate/glutamine in MDD. Suicidal ideation
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might be a promising aspect to further explore with MRS in this respect.
PET studies have shown differences between patients with mood disorder
and controls with regard to their neurotransmitter systems (Schur et al., 2016),
especially the serotonergic system (Drevets et al., 2007; Meltzer et al., 2004; Parsey
et al., 2010; Saijo et al., 2010). However, contradictory results have been reported
as well (Miller et al., 2009; Sullivan et al., 2009), indicating that these results
obtained with PET are insufficiently robust to be used for diagnostic purposes.
Furthermore, multi-modal imaging studies that combine fMRI and PET data may
offer new insights into the pathophysiology of mood disorders. A recent study that
combined PET and MRS on the MDD patients showed an inverse relationship
between mGluR5 availability and glutamate levels in the ACC (Abdallah et
al., 2017). Obtaining data from multiple receptors, such as GABA, glutamate,
serotonin etc., both in patients and in healthy volunteers, will be a promising
future direction.. Studies that integrate receptor function with endocrine or
immune data may also produce important new leads. Finally, there is a need for
longitudinal PET studies, which would allow to follow changes in neuro-receptor
function and couple them to clinical states or drug use. Identification of the genetic
correlates of receptor function in the context of PET imaging is also important, but
acquiring the necessary statistical power is often a challenge, given the high costs
and invasiveness of PET.

Genetic and epigenetic factors in relation to suicide
Like Moffit and Caspi, Turecki, too, classified familial and genetic predisposition,
as well as early-life adversity (ELA) as distal factors that increase the lifetime risk
of suicide (Turecki, 2014; Turecki and Brent, 2016). Their combination may alter
responses to stress and other processes, possibly through epigenetic modification
of genes and associated changes in gene expression, and through the regulation of
emotional and behavioural traits. Studies examining family histories of suicidal
behaviour, as well as studies directly interviewing relatives of probands with suicidal
behaviour, have shown that suicidal behaviour runs in families (Baldessarini and
Hennen, 2004; Tidemalm et al., 2011; Turecki, 2001; Turecki and Brent, 2016).
There is about a 3-10 fold greater risk of suicidal behaviour from relatives of
probands who committed suicide comparing to relatives of control individuals
(Baldessarini and Hennen, 2004; Tidemalm et al., 2011; Turecki, 2001). It has also
been reported that a family history of suicide attempts or completion does predict
a higher frequency of suicidal ideation (2.4-5.1 fold greater risk) (Blum et al., 2012;
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Lieb et al., 2005). However, there is no clear link between suicidal ideation itself
and a family history of suicidal ideation (Brent, 2010; Brent et al., 1996; Lieb et al.,
2005).
Several lines of evidence support a strong relationship between ELA - such
as experiences of childhood sexual abuse, childhood physical abuse and parental
neglect - and the lifetime risk of suicidal behaviour (Afifi et al., 2008; Angst et
al., 1992; Brezo et al., 2007; Collishaw et al., 2007; Dutta et al., 2017; Fergusson
et al., 2000; Gilbert et al., 2009; Lansford et al., 2002; Nemeroff, 2016). The effects
of early-life experiences could affect the differential regulation of biological
systems and development (Hertzman, 2012; Nelson, 2017; Turecki et al., 2014).
Several epigenetic studies have investigated central nervous system and peripheral
samples from individuals exposed to ELA. A postmortem study showed decreased
hippocampal glucocorticoid receptor mRNA levels from individuals with a
history of abuse or extreme neglect (McGowan et al., 2009). Also a more recent
study showed that specific types of early-life trauma, especially when occurring
at ≤7 years of age, are important moderators of the subsequent response to, e.g.,
antidepressant therapy in adults with MDD (Williams et al., 2016).
Women with a history of childhood abuse, either with or without a current
depression, exhibit increased ACTH responses to a psychosocial stress compared
with controls, as measured with the dexamethasone/CRH test (Heim et al.,
2008). A recent study also suggests that early childhood trauma may disrupt the
development of the HPA axis, which in turn impairs affective expression during
mother-infant interactions in postpartum women (Juul et al., 2016). Peripheral
samples show epigenetic changes that reflect risk factors for depression and
suicide, such as child abuse and neglect. Such samples are less difficult to obtain
than brain samples, but the extent to which they are informative about processes
occurring in the different heterogeneous brain areas is at present not clear, and
should be a line of future investigation.

Animal models for major depression and suicide
Animal models are a commenly-used tool to investigate the etiology of
neuropsychiatric disorders, as well as their course and potential treatments. There
are indeed a large number of animal models for depression or, rather, for symptoms
of depression (Banasr et al., 2017; Czeh et al., 2016; Krishnan and Nestler, 2011).
However, due to the limitations in assessing suicidal intent in animals, such as
reproducing conceptualization, motivation conscious planning, and the ultimate
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action of killing oneself, there is no accepted animal model for suicidal behaviour
so far (Preti, 2011).
It is suggested that social support is associated with a decreased likelihood
of suicide attempts (Kleiman and Liu, 2013). There are social dynamics that
precede the occurrence of suicide (lack of social support and guide) and social
dynamics that accompany it (surveillance, prompt rescue). Precipitating factors
such as conflicts with friends, colleagues or partners have a social basis, and they
develop in close interaction with the patients (Brent et al., 1993). Although it is
hard to model these interactions in animals, it is possible to create models for the
symptoms related to suicide, such as hopelessness, pessimism and low self-esteem
which are major cognitive risk factors for suicide. Since hope and pessimism cannot
be formally operationalized in animals, the current animal models of hopelessness
leading to learned helplessness paradigm mainly (Seligman, 1972), which assumes
that animals will normally try to escape aversive stimuli. This model has many
symptoms that are observed in human depression, such as weight loss, motor
retardation and/or agitation, sleep disturbances, libido changes, and distorted
perception of pleasure (Henn and Vollmayr, 2005). The model is an approximation
of stress-related depression, but generally animals that have developed learned
helplessness do not initiate any attempt to harm themselves. Therefore, this model
cannot be used to infer other correlates of human suicidal behaviour.
Gilbert developed an animal model that attempts to imitate (aspects of)
suicidal behaviour. In this model, the defeat (the stressful event) and entrapment
(no escape from the situation) are combined, which leads to severe “helplessness”
(increased morbidity and mortality) in animals (Gilbert and Allan, 1998). This
model has been influential in the subsequent arrested flight model of suicide
by Williams (Williams et al., 2005). In his view, suicidal behaviour is reactive to
stressful situations when the perception of defeat is associated with the awareness
of no escape and no rescue (Williams et al., 2005). The arrested flight (i.e. the
phenomenon of defeat and entrapment in depression) model of suicide mimics the
role of helplessness (“no rescue”) and hopelessness (“no escape”) in human suicidal
behaviour, with an important role for stress too (Brown et al., 1995). Another model
is based on adversities during development, in particular childhood, such as abuse
and neglect, a dysfunctional family or parental loss, which are associated with an
increased risk of psychopathology and suicide in adolescence and adulthood (Afifi
et al., 2009; Agerbo et al., 2002; Lu et al., 2008). Accumulating evidence shows that
the activity of the main inhibitory neurotransmitters in the brain is diminished in
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rats exposed to maternal deprivation (Newport et al., 2002). Monkeys separated
from their mother during sensitive developmental periods exhibited depressionlike symptoms in later life, and these symptoms are associated with, e.g., lower
cerebrospinal fluid (CSF) noradrenaline concentrations (Kraemer et al., 1991).
However, this situation is not validated as a model for suicide. Moreover, primate
models based on maternal separation are very questionable ethically, as well as
being expensive and time-consuming, so research into their reproducibility and
extension is limited to well-equipped and well-supported laboratories.
For the reasons mentioned above, animal models so far have been limited to
help delineate treatment targets and pharmacological means to improve our ability
to manage the risk of suicide.

Animal models for the study of depression in AD
Our study shows that the GABA-A receptor subunit GABRA5 mRNA level was
significantly decreased in depressed Alzheimer patients. In addition, VGluT1
mRNA levels were positively correlated to the Cornell score for depression
severity. However, in the commonly used APP/PS1 mouse model, we failed to
find any GABA or glutamate pathway changes that were in any way comparable to
the changes we observed in depressed AD patients. Moreover, the basal activity of
the HPA axis was not activated in the double transgenic AD mice either, and no
difference in sucrose preference was found (Chapter 6).
Since double transgenic AD mice only showed Aβ accumulation, but no tangle
formation, we next invested in the breeding of a triple transgenic AD mouse
model. This model contains three mutations associated with familial Alzheimer’s
disease (PS1-M146V, APPswe and tauP301L) (Oddo et al., 2003). According to
the original publication, these triple transgenic AD mice display both plaque and
tangle pathology. Aβ deposition is progressive and initially occurs particularly in
the intracellular compartment, and would occur in some brain regions from age of
three or four month old. Extracellular Aβ deposits do not appear until six months
of age in the frontal cortex and their numbers become more extensive by twelve
months of age. Changes in tau would occur later; by 12 to 15 months, aggregates
of conformational altered and hyperphosphorylated tau are detected in the
hippocampus (Billings et al., 2005; Oddo et al., 2003). Brainstem Alzheimer-like
pathology would happen at an even earlier age (Overk et al., 2009). Cognitive
impairment was observed in the triple transgenic AD by four months, but this is
influenced by genetic background and backcrossing the mice can lead to a loss of the
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behavioural phenotype (Marlatt et al., 2013). Interestingly, the memory impairments
first manifest as a retention/retrieval deficit and not as a learning deficit, and notably
occur prior to the appearance of plaques and tangles. Deficits were observed in both
spatial and contextual based paradigms. At the age of 6.5 months, triple transgenic
mice displayed learning and memory deficits in the Barnes maze, but performed
better than wild-type congenics in the Y maze and fear- conditioning tasks (Stover
et al., 2015). Clearance of intraneuronal Aβ by immunotherapy rescued the early
cognitive deficits in a hippocampal-dependent task (Billings et al., 2005). Interestingly,
these triple transgenic AD mice do exhibit an activated central HPA axis (altered
mRNA levels of the glucocorticoid receptor and CRH in the paraventricular nucleus
of the hypothalamus) at a young age (3-4 months), together with mild behavioural
changes (elevated plus maze and open field) (Hebda-Bauer et al., 2013), indicating
that this may be a more promising model to test our hypothesis that AD-related
depression is accompanied by changes in GABAergic and glutamatergic pathways
and an activation of the HPA axis. It is possible that the mice had high HPA activity
because they were low in social hierarchy.
For the reasons mentioned above, we started to breed this triple transgenic
mouse model with the same background as in the original publication. A study is
now in progress to determine whether this triple transgenic mouse model would
be suitable for mimicking aspects of depression in AD pathology. In a pilot study,
Aβ and hyperphosphorylated Tau (P-Tau) were immunocytochemically stained
in tissue obtained from 12-month-old male and female mice. Aβ was stained
with the 4G8 antibody and P-Tau was stained with AT8 (Bossers et al., 2010). In
both sexes, intracellular 4G8-stained Aβ was observed in the neurons of cortex,
hippocampus and amygdala, while 4G8-stained extracellular plaques were only
seen in the hippocampus of female triple transgenic AD mice. AT8-staining was
negative in the brains of all these mice.
These pilot data show that Aβ aggregation is stronger in female than in male
triple transgenic AD mice, and that Aβ, rather than P-Tau, might be the major - or
even only - AD pathology present in this 12-month-old model, which indicates
that this mouse model may be used to explore the mechanism of AD pathogenesis,
but only for the alterations in relation to Aβ and sex differences in Aβ (Rodriguez
et al., 2008). The expression of CRH in the hypothalamus and depression-related
behaviours of this triple transgenic mouse model have still to be analyzed.
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CONCLUSIONS
As discussed before, there are many genetic polymorphisms and individual
developmental epigenetic differences that can give rise to variable functional
changes in the complex network of neurotransmitters and neuropeptides involved
in mood disorders and suicide. It is our hope that, in the future, the current data
will ultimately allow the identification of the vulnerable neurobiological systems
in a depressed individual, and thereby allow a better prediction of the suicide risk,
which may lead to an optimal tailor-made anti-depressive and anti-suicidal therapy.
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Psychiatrische stoornissen behoren inmiddels tot de belangrijkste chronische
aandoeningen. De depressieve stoornis (major depression disorder (MDD))
is wereldwijd nummer drie op de lijst van aandoeningen. Zelfdoding is een
van de belangrijkste risicofactoren van MDD. Vanwege de combinatie van
bevolkingsgroei en toenemende aantallen ouderen zal het absolute aantal
individuen dat lijdt aan een depressie en tot zelfdoding zou kunnen overgaan, naar
verwachting alleen maar stijgen. Hoewel de exacte mechanismen die leiden tot een
depressie en/of zelfdoding, nog onvoldoende bekend zijn, hebben verschillende
studies al specifieke moleculaire veranderingen gerapporteerd in postmortem
hersenweefsel van patiënten met MDD en in MDD patiënten die tot zelfdoding
zijn overgegaan. Hoewel deze twee patiënten groepen vaak als één groep worden
gezien, laten de resultaten in de literatuur duidelijke discrepanties zien. Het is
vooralsnog onduidelijk wat een patiënt met een depressie per se onderscheidt
van een depressieve patiënt die tot zelfdoding is overgegaan, en dus welke unieke
veranderingen in de hersenen nu gepaard gaan met zelfdoding.
Ons onderzoek richtte zich op twee vragen. Ten eerste onderzochten we of
zelfdoding, zowel op zichzelf en als onderdeel van de symptomatologie van
depressie, wordt gekenmerkt door specifieke neurotransmitterveranderingen
in de prefrontale cortex (PFC), een belangrijk hersengebied betrokken
bij emotieregulatie, planning en initiatief. Hiertoe onderzochten we twee
onafhankelijke patiënten cohorten: een cohort van de Nederlandse Hersenbank
(NHB), dat bestond uit bejaarde, depressieve patiënten die waren overleden aan iets
anders dan zelfdoding, en een cohort van het Stanley Medical Research Instituut
(SMRI), dat bestond uit depressieve patiënten van wie sommige tot zelfdoding
waren gekomen en van wie anderen door andere oorzaken waren overleden.
In Hoofdstuk 1 geven we eerst een introductie over het stress-systeem en
stemmingsstoornissen in het algemeen, inclusief de anatomie en algemene
fysiologie, de interactie van de stress of HPA-as en de PFC met betrekking tot
stemmingsstoornissen zoals die voorkomen bij MDD, bipolaire stoornis (BD),
zelfdoding en bij depressie bij de ziekte van Alzheimer (AD). Ook worden
de belangrijkste neurotransmitters betrokken bij deze stemmingsstoornissen
besproken.
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Daarna worden de twee belangrijkste doelstellingen en de opzet van dit
proefschrift gepresenteerd: 1) Wordt zelfdoding, als kenmerk en onderdeel van
de symptomatologie van depressie, gekenmerkt door specifieke transmitter
veranderingen in de PFC? en 2) Bestaan er moleculaire verschillen in de PFC
tussen Alzheimer patiënten die ook een depressie hadden, en patiënten met alleen
een depressie? Daarnaast onderzoeken we de vraag of moleculaire veranderingen
in de PFC ook veranderingen in de stress, of HPA, as induceren in het APP/PS1
muizen model voor de ziekte van Alzheimer.
In Hoofdstuk 2 bespreken we kort de mogelijke redenen voor de discrepanties
in de huidige literatuur ten aanzien van eerder beschreven moleculaire
veranderingen tussen depressie en zelfdoding. We ontdekten dat de meeste
postmortem onderzoeken tot nu toe geen onderscheid maakten tussen een
depressie op zich en een depressie die geëindigd was met zelfdoding. Studies die
claimden dat ze moleculaire veranderingen hadden vastgesteld met betrekking
tot depressie hadden in veel gevallen patiënten geselecteerd die allemaal, of bijna
allemaal, door zelfdoding om het leven waren gekomen. Ze werden verder in veel
gevallen vergeleken met controles die helemaal geen psychiatrische aandoening
hadden, en er werd zo voorbijgaan aan het feit dat zelfdoding in de meeste gevallen
plaatsvindt bij mensen met psychiatrische stoornissen, en de bevindingen van
zelfdoding derhalve niet te onderscheiden zijn van de bevindingen bij depressie
op zich.
In Hoofdstuk 3 wilden we de eerste vraag die we hierboven stellen,
beantwoorden. We bepaalden met behulp van real-time quantitatieve PCR
(Q-PCR) de gen expressie niveaus van twee belangrijke neurotransmittersystemen,
namelijk gamma-aminobutyric acid (GABA) en L-glutamatic acid (glutamaat). We
onderzochten postmortem weefsel van de anterior cingulate cortex (ACC) en van
de dorsolaterale PFC (DLPFC) van bejaarde, niet-suïcidale patiënten met MDD,
en van patiënten met een bipolaire stoornis (BD) uit het NHB cohort. We vonden
dat alleen de transcript niveaus van de GABA-A receptor beta-2 (GABRB2) en
van de postsynaptische density-95 (PSD-95) significant afgenomen waren in de
ACC bij alle twee de stemmingsstoornissen. Echter, in de DLPFC, was de mRNA
expressie van alle genen die werden aangetroffen in de stemmingsstoornisgroep
niet significant anders dan die van de niet-psychiatrische controlepatiënten.
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In hoofdstuk 4 beschrijven we dat depressieve patiënten die door zelfdoding
om het leven waren gekomen (MDD-S) een ander genexpressiepatroon lieten zien
voor wat betreft GABA en glutamaat dan depressieve patiënten bij wie zelfdoding
geen doodsoorzaak was (MDD-NS). Verder werd een verhoogde expressie van
GABA/glutamaat genen aangetroffen in de ACC van de MDD-S groep, terwijl
de genexpressie juist verlaagd was bij de MDD-NS groep van het SMRI cohort.
Bovendien werd een verlaagde genexpressie gevonden in de DLPFC van de
MDD-S groep vergeleken met de MDD-NS groep, terwijl beide patiëntengroepen
juist een verhoging van de genexpressie lieten zien ten opzichte van de controles.
Hoofdstuk 5 beschrijft dat depressieve patiënten die door zelfdoding om het leven
waren gekomen (MDD-S) een ander expressiepatroon vertoonden voor genen die
gerelateerd waren aan corticotropin-releasing hormoon (CRH), monoaminen en
stikstofoxide (NO). De expressie van CRH, en die van het neuronale stikstofoxide
("NOS)-interacting DHHC domain-containing protein with dendritic mRNA
(NIDD’) was verhoogd in de ACC van de MDD-S groep. Andere veranderingen,
d.w.z. een verminderde NIDD en verhoogde 5-hydroxytryptamine receptor 1A
(5-HT1A) expressie, werden alleen aangetroffen in de NBB depressie groep. Deze
veranderingen waren uitgesprokener in de ACC dan in de DLPFC.
In hoofdstuk 6 rapporteren we over een significante verhoging van de neuronale
componenten van de glutamaat-glutamine cyclus (i.e. EAAT3, EAAT4, ASCT1,
SNAT1 en SNAT2) in de ACC, terwijl astroglia componenten (i.e. EAAT1, EAAT2
en GLUL) afgenomen waren in de DLPFC van MDD-S patiënten. Daartegenover
staat dat de meeste componenten in deze cyclus verhoogd waren in de DLPFC van
MDD-NS patiënten.
Wat betreft de tweede vraag die we onszelf stelden voor dit proefschrift: in
hoofdstuk 7 onderzochten we de mogelijke verschillen in genexpressie in de
PFC tussen patiënten met de ziekte van Alzheimer (AD) die een depressie als
co-morbiditeit hadden, en patiënten die enkel leden aan MDD zonder dementie.
We vonden dat het GABRA5 mRNA niveau significant lager was in de DLPFC
van depressieve AD patiënten. Bovendien bleken de VGluT1 mRNA niveaus
positief gecorreleerd te zijn aan de Cornell score voor de ernst van een depressie
bij dementie. Dit wijst erop dat er zowel GABA als glutamaat pathways waren
aangedaan bij depressieve AD patiënten.
Verder hebben we een veel gebruikt diermodel voor de ziekte van Alzheimer
bestudeerd, nl de amyloid precursor proteïne (APP)/preseniline 1 (PS1) dubbel
transgene muis. Dit dier vertoont overexpressie van gemuteerde vormen van
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genen voor de menselijke amyloïde precursor (APP) en PS1. We onderzochten
of moleculaire veranderingen in de frontale cortex van AD, hyperactiviteit van de
hypothalame-hypofyse-bijnier (HPA)-as zou kunnen induceren. Dit mechanisme
zou mogelijk de grote prevalentie van depressie in AD kunnen verklaren. Echter,
12-maanden oude APP/PS1 muizen hadden geen GABA of glutamaat-gerelateerde
veranderingen in genexpressie, zeker niet zoals bij depressieve AD patiënten werd
gevonden. Bij de APP/PSI muizen was de HPA-as ook niet geactiveerd, en er
werden ook op basis van sucrose preferentie testen, geen gedragsmatige verschillen
gevonden die op mogelijk depressief gedrag zouden kunnen wijzen. Tezamen
suggereren deze data dat de ontwikkeling van amyloïd pathologie in APP/PSI
muizen op zich zelf geen depressie-gerelateerde veranderingen veroorzaakt, zoals
die wel gevonden worden bij AD patiënten, en dat deze muizen om die reden dan
ook geen geschikt model voor depressie bij AD vormen.
Samenvattend, gebaseerd op de resultaten van dit proefschrift, concluderen
we dat depressie op zich en een depressie die gepaard gaat met zelfdoding, twee
verschillende stoornissen zijn, met verschillende moleculaire veranderingen en
waarschijnlijk ook andere onderliggende mechanismen. MDD op zich en depressie
bij AD verschillen in dat opzicht ook van elkaar, voor zover het de moleculaire
veranderingen betreft.
De verhoogde expressie van de GABA/glutamaat-gerelateerde genen die we
aantroffen in de MDD-NS enin de MDD-S groepen is interessant voor wat betreft
de therapeutische werking van ketamine, een nieuw, veelbelovend en snelwerkend
medicijn voor de behandeling van depressie en suïcidale gedachten.
Voor toekomstig onderzoek willen we een ander model, de triple transgene muis
bestuderen, die zowel plaques en tangles zou ontwikkelen, als een mogelijk
model voor depressie bij AD. Om te zien of de waargenomen moleculaire
veranderingen specifiek zijn voor zelfdoding, is het in de toekomst ook interessant
om moleculaire veranderingen in andere psychische aandoeningen, zoals bv
schizofrenie, te onderzoeken, waar zelfdoding ook vaak voorkomt en daar
ook gerelateerde hersengebieden bij te betrekken, zoals de hippocampus en de
orbitale frontale cortex. Naast genexpressie, wat tot nu toe bepaald werd, zijn ook
mogelijke veranderingen op eiwit niveau interessant om te bestuderen, bv middels
proteomics of met moleculaire in vivo imaging.

226

LIST OF PUBLICATIONS

Appendices

Zhao J, Verwer RWH, Gao S-F, Qi X-R, Lucassen PJ, Kessels HW and Swaab DF.
Prefrontal alterations in GABAergic and glutamatergic gene expression in
relation to depression and suicide. J Psychiatr Res. 2018;102:261-74
Zhao J, van Wamelen DJ, Qi X-R, Gao S-F and Swaab DF. Alterations in glutamateglutamine cycle in the prefrontal cortex in depression and suicide. J
Psychiatr Res, 2016;82:8-115
Lu J, Zhao J, Balesar R, Xu Y, Fronczek R, Bao A-M and Swaab DF. Sexually
dimorphic changes of Hypocretin (Orexin) in depression. EBioMedicine,
2017;18:311-319
Zhu Q-B, Unmehopa U, Bossers K, Verwer R, Balesar R, Zhao J, Bao A-M, and
Swaab DF. Egr-1 and miR-132 in Nucleus Basalis of Meynert during the
course of Alzheimer’s disease. Brain, 2016;139:908-21
Zhao J, Qi X-R, Gao S-F, Lu J, van Wamelen DJ, Kamphuis W, Bao A-M and Swaab
DF. Different stress-related gene expression in depression and suicide. J
Psychiatric Res. 2015;68:176-85.
van Wamelen DJ, Aziz NA, Zhao J, Balesar R, Unmehopa U, Roos RA, Swaab DF.
Decreased hypothalamic prohormone convertase expression in huntington
disease patients. J Neuropathol Exp Neurol. 2013;72(12):1126-1134
Zhao J, Bao AM, Qi X-R, Kamphuis W, Luchetti S, Lou J-S, Swaab DF. Gene
expression of GABA and glutamate pathway markers in the prefrontal
cortex of non-suicidal elderly depressed patients. J Affect Disord.
2012;138(3):494-502
Gao SF, Qi XR, Zhao J, Balesar R, Bao AM, Swaab DF. Decreased NOS1
Expression in the Anterior Cingulate Cortex in Depression. Cereb Cortex.
2013;23:2956-64
Zhao J, Hoogendijk WJG, Meynen G, Unmehopa UA, Kamphuis W, Bao A-M,
Swaab DF. GABA and glutamate changes in the frontal cortex: comparing
Alzheimer Patients with and without depression and the APPswePS1dE9
mouse. Neurobiol Aging in revision
228

List of publications

Publications in submission
Alkemade A, Balesar R, Zhao J, Swaab DF and Forstmann B. Immunocytochemical
characterization of the human subthalamic nucleus

A
229

Appendices

ACKNOWLEDGMENTS
It has been a really long journey to finally come to the end of my PhD. There are so
much mixed feelings about all these years when I looked back. This trip was filled
with obstacles and problems, however the rewards are so rich. I feel immensely
blessed and grateful that I was always surrounded by lovely family, friends and
colleagues along the trip. The depth of love I feel from you everyone has been
overwhelming, and this will be the light of my world and always bring me strength
for the coming journey. THANK YOU!

230

CURRICULUM VITAE
Juan Zhao (Juan) was born on 15th January, 1981 in Yanán (in P.R. China). She
grew up among mountains until she attended the Yan’an High school at the age of
16, for 3 years boarding life.
In 1999, she relocated to Xi’an to start the Bachelor Clinical Medicine at
Xi’an Jiaotong University. During this study, she followed courses on medicine.
A strong interest in biology had grown. She commenced her Master at Tianjin
Medical University, while receiving her Bachelor of Medicine degree in June 2004.
She moved to the Netherlands and followed the Dutch PhD training under the
supervision of Prof. Dr. D.F.Swaab in the Netherlands Institute for Neuroscience
after receiving a Joint Dutch-Chinese PhD scholarship. In 2012, she was awarded
her doctorate at Tianjin Medical University in China.
She currently lives in Rotterdam with her husband Andy and their son Liam
and daughter Mila.

A
231

