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Abstract

Major depression (MD) is a common psychiatric disorder with a complex and multifactor
aetiology. Potential mechanisms associated with the pathogenesis of this disorder include
monoamine deficits, hypothalamic-pituitary-adrenal (HPA) axis dysfunctions, inflammatory and/
or neurodegenerative alterations. An increased secretion and reactivity of cortisol together with an
altered feedback inhibition are the most widely observed HPA abnormalities in MD patients.
Glucocorticoids, such as cortisol, are vital hormones that are released in response to stress, and
regulate metabolism and immunity but also neuronal survival and neurogenesis. Interestingly
depression is highly prevalent in infectious, autoimmune and neurodegenerative diseases and at
the same time, depressed patients show higher levels of pro-inflammatory cytokines. Since
communication occurs between the endocrine, immune and central nervous system, an activation
of the inflammatory responses can affect neuroendocrine processes, and vice versa. Therefore,
HPA axis hyperactivity and inflammation might be part of the same pathophysiological process:
HPA axis hyperactivity is a marker of glucocorticoid resistance, implying ineffective action of
glucocorticoid hormones on target tissues, which could lead to immune activation; and, equally,
inflammation could stimulate HPA axis activity via both a direct action of cytokines on the brain
and by inducing glucocorticoid resistance. In addition, increased levels of pro-inflammatory
cytokines also induce the production of neurotoxic end products of the tryptophan—kynurenine
pathway. Although the evidence for neurodegeneration in MD is controversial, depression is
comorbid with many other conditions where neurodegeneration is present. Since several systems
seem to be involved interacting with each other, we cannot unequivocally accept the simple model
that glucocorticoids induce neurodegeneration, but rather that elevated cytokines, in the context of
glucocorticoid resistance, are probably the offenders. Chronic inflammatory changes in the
presence of glucocorticoid resistance may represent a common feature that could be responsible
for the enhanced vulnerability of depressed patients to develop neurodegenerative changes later in
life. However, further studies are needed to clarify the relative contribution of glucocorticoids and
inflammatory signals to MD and other disorders.
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1. Introduction

Major depression (MD) is one of the most common psychiatric disorders in the Western
World, and according to the World Health Organization it is predicted to be the leading
cause of burden of disease by 2030 (WHO report 2004). Only a third of patients receive
adequate treatment and up to half of them relapse despite the increasing number of
antidepressant drugs currently available (Thase, 2006). This reflects the heterogeneity of the
disorder, which has a complex and multifactorial aetiology originating from the interaction
between environmental and genetic factors and presents frequent co-morbidity. Several
theories have been proposed to explain its pathogenesis, including the monoamine
hypothesis, based on deficiency of the biogenic amine system (particularly serotonin and
norepinephrine) (Charney, 1998; Hirschfeld, 2000), the hypothalamic-pituitary-adrenal
(HPA) axis dysfunction theory, based on hyperactivity of this system usually reflected in
high levels of glucocorticoids (Dinan, 1994; Pariante and Lightman, 2008), cognitive and
behavioural theories (Beck et al., 1979; Harmer et al., 2009), the neurogenesis hypothesis
(Jacobs et al., 2005; Duman, 2004; Kempermann and Kronenberg, 2003; Sahay and Hen,
2007; Kempermann et al., 2008; Zhao et al., 2008), the inflammatory theory, also known as
the malaise or cytokine theory (Smith, 1991; Ur et al., 1992; Maes et al., 2009; Miller et al.,
2009), and the neurodegenerative hypothesis (Myint and Kim, 2003; Maes et al., 2009).
With the aim to better understand the pathophysiology of depression, these hypotheses,
which indeed have some biological features in common, are being drawn together.
Specifically, the last two models, reviewed in this special issue on ‘Neuro-inflammatory and
Neuro-degenerative Pathways in Major Depression’, are gaining more relevance. Most
interesting is the role of glucocorticoids not only in the HPA axis dysfunction model but also
in the two models stated above. Are glucocorticoids a potential link between inflammation
and degeneration? The answer to this question is not clear.

Glucocorticoids, released by the adrenal gland in response to stress, are among the most
potent anti-inflammatory hormones in the body (Vinson, 2009). Some studies have
suggested that they contribute to the hippocampal atrophy found in depressed patients
(Sapolsky, 2000; McEwen, 2005). The involvement of stress in the development of
depressive symptomatology may involve several systems, including the neuroendocrine, the
neurotransmitter and the immune systems, that interact with the HPA axis in complex ways
(Baune, 2009). However, to date, the role of the above-mentioned systems in the
pathogenesis of depression is contradictory and subject to differing interpretations. In this
review we will focus the attention on glucocorticoids and inflammation processes, trying to
summarize and clarify as best as we can their involvement in MD, and to understand
whether they have a direct cause in the abnormalities observed in the brain of depressed
patients.

2. The HPA axis in major depression

One of the characteristic features of MD that has been found over the past years is the
disturbance in the HPA functionality (Pariante, 2003, 2006). HPA axis activity is governed
by the secretion of corticotrophin releasing hormone (CRH) and arginine—vasopressin
(AVP) from the hypothalamus, which in turn activate the secretion of adrenocorticotrophin
hormone (ACTH) from the pituitary. ACTH then stimulates the secretion of glucocorticoids
(cortisol in humans and corticosterone in rodents) from the adrenal cortex, and these
glucocorticoids interact with their receptors in multiple target tissues including the HPA
axis, where they are responsible for feedback inhibition both on CRF and AVP from the
hypothalamus (Antoni, 1993). The HPA abnormalities found in MD, extensively studied
also in our laboratory, include increased secretion and reactivity of cortisol (Carpenter and
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Bunney, 1971; McClure, 1966; Luby et al., 2003; Bhagwagar et al., 2003, 2005; Cowen,
2009; Juruena et al., 2006) elevated basal cerebrospinal fluid CRH levels (Nemeroff et al.,
1984) and increased size as well as activity of the pituitary and adrenal glands (Nemeroff et
al., 1992). Interestingly, some of these findings are shared with other stress-related mental
disorders, such as schizophrenia (Pariante et al., 2004, 2005; Mondelli et al., 2010). It is
therefore possible to speculate that some of the biological mechanisms and models described
in this review with relevance to MD are also operating in other psychiatric disorders.

We will start by providing some insight into the role of glucocorticoids, including their
molecular basis of action, which might contribute to the development of depressive
symptoms.

2.1. Role of glucocorticoids

Glucocorticoids regulate body peripheral functions such as metabolism and immunity, and
they represent the classic endocrine response to stress. Being an essential component of the
homeostatic system of the body, their levels in blood and in tissues must remain within an
optimal range. In fact, they have profound effects on the brain, since excess or disturbed
patterns of their circulating levels can have deleterious effects. Glucocorticoids have been
shown to regulate neuronal survival, neurogenesis, the acquisition of new memories, the
emotional appraisal of events as well as the immune response to stress (Herbert et al., 2006).
Therefore, the involvement of glucocorticoids both in stress and in brain functioning could
explain, at least in part, the HPA abnormalities found in psychiatric disorders, and in
particular in MD. Hyperactivity of the HPA axis in MD can be demonstrated by the altered
feedback inhibition, as seen by increased circulating cortisol and non-suppression of cortisol
following administration of dexamethasone (Holsboer et al., 1982; Holsboer-Trachsler et al.,
1991). While dexamethasone administration significantly suppressed the mitogen-induced
lymphocyte proliferation and the interleukin-1beta (IL-1beta) production in healthy controls,
MD patients exhibited dexamethasone non-suppression (Maes et al, 1991). In a similar way,
dexamethasone administration induced an increase in the number of neutrophils and a
decrease in the number of lymphocytes in healthy controls, whereas this effect was not
observed in non-suppressors. Overall, these changes in immune function occurring in
depression are said to confer an immune resistance to glucocorticoids (Maes et al., 1994).

However, why exactly MD patients have this glucocorticoid resistance, or impairment of the
glucocorticoid-mediated negative feedback of the HPA axis, is still unknown, even though
an alteration of glucocorticoid receptor (GR) function might play a central role (Carvalho
and Pariante, 2008). We will now discuss this issue in more detail.

2.2. Glucocorticoid resistance

Decreased responsiveness to glucocorticoids, a phenomenon known as glucocorticoid
resistance, is believed to be related in part to an impaired function of the GR (Pariante et al.,
1995; Pariante and Miller, 2001; Pariante, 2006; Carvalho and Pariante, 2008). Evidence
supporting the role of glucocorticoid resistance (rather than glucocorticoid excess) in
depression comes from a multitude of studies, some of them conducted in our own
laboratory, showing that antidepressants in human, animal and cellular models tend to
increase (rather than decrease) GR function (Pariante and Miller, 2001; Pariante, 2003;
Pariante et al., 2004; Yau et al., 2007; Carvalho et al., 2008; Carvalho and Pariante, 2008).

Glucocorticoids can act on two different receptors: the already mentioned GR and the
mineralocorticoid receptor (MR). The MR binds cortisol with higher affinity, hence it
regulates normal HPA fluctuations, being significantly bound even at the circadian trough,
and fully bound at the circadian peak and during stressful episodes. The GR, of lower
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affinity, gets extensively occupied in times of stress. These receptors act as transcriptional
regulators (see below), targeting several genes which control neuronal and network
responses that underlie behavioural adaptation (de Kloet et al., 2005). Actions mediated by
both receptors are complementary and operate in different time domains of the stress
response: the MR normally prevents stress-induced disturbances, but, if such disturbances
occur, the GR can operate and help in the recovery process. Although it is possible that an
imbalance between MR and GR could increase the vulnerability to stress-related psychiatric
disorders in predisposed individuals (de Kloet et al., 2007), we have decided to focus the
attention of this review on the role of the GR, due to its importance during stressful events.

2.3. Molecular basis of glucocorticoid action

Glucocorticoids act by binding to the cytosolic GR, which is subsequently activated and is
thus able to translocate into the nucleus. Unbound GR is mainly kept inactive in the
cytoplasm of the cell, complexed with chaperone proteins, such as heat-shock proteins and
immunophilins. Upon ligand binding, GR undergoes a conformational change, resulting in
its dissociation from the chaperone protein complex and causing exposure of a nuclear
localization signal that allows its translocation into the nucleus. Once in the nucleus, the GR
either binds to DNA and switches on the expression of anti-inflammatory genes, or acts
indirectly by protein—protein interaction to repress the activity of a number of distinct
signalling pathways such as nuclear factor-kappaB (NF-kappaB), involving the recruitment
of co-repressor molecules. The GR can also mediate rapid nongenomic signalling events
initiated in the cytoplasm (Revollo and Cidlowski, 2009).

A failure in GR function, as hypothesized to take place in depression, may therefore result
from reduced glucocorticoid binding to GR, reduced GR expression, enhanced activation of
inflammatory pathways, or lack of co-repressor activity (De Bosscher and Haegeman,
2009). We will describe later the potential role of cytokines in affecting GR function.

2.4. Effects of glucocorticoids on neurogenesis

During life it is common to be repeatedly exposed to brief periods of stress, most of which
can normally be controlled. After any short episode of stress, excitability in limbic areas is
enhanced, and stress hormones promote focused attention and alertness. Subsequently, when
the hormone concentrations go back to their pre-stress levels, gene-mediated actions induced
by corticosteroids reverse and normalize the enhanced excitability. However, if stress is
repetitively experienced in an uncontrollable and unpredictable manner, it can cause
alterations in dendrite and spine morphology in specific brain regions, and eventually
suppress adult neurogenesis (Mirescu and Gould, 2006; Joels et al., 2007). Neurogenesis in
the adult hippocampus has been implicated in cognitive function and is stimulated by
antidepressant drugs, although its functional impact and contribution to the aetiology of
depression remains unclear (Sapolsky, 2004; Surget et al., 2008; David et al., 2009).
However, severe or chronic stress exposure, both in early life as well as in adulthood, can
cause neural cell death and atrophy of neuronal processes, and also affect hippocampal
neurogenesis and plasticity (McEwen and Seeman, 1999; Sapolsky, 2000). A reduction in
neurogenesis can theoretically contribute to the cognitive symptoms of depression, even
though by itself is unlikely to produce the full mood disorder (Lucassen et al., 2010). The
molecular mechanisms by which stress does induce these changes are however still unclear.

3. Inflammation and depression

As stated in the Introduction, the current theories on serotonergic dysfunctions and cortisol
hypersecretion, on their own, do not provide sufficient explanations for the nature of
depression. Since depression is a complex disorder, it is likely that alterations in several
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systems, which interact and interplay in concert, underlie the pathogenesis of the disease.
The evidence that cytokine-mediated inflammatory processes play an important role in the
development of depression is now strong. Depression is highly prevalent in infectious,
autoimmune and neurodegenerative diseases, and this co-morbidity cannot be attributed only
to the psychological distress of the starting disease (Pollak and Yirmiya, 2002). At the same
time, depressed patients show higher levels of pro-inflammatory cytokines, acute phase
proteins, chemokines and cellular adhesion molecules (Raison et al., 2006; Howren et al.,
2009). In addition, it has been demonstrated that therapeutic administration of the cytokine
interferon-alpha (IFN-alpha) leads to a depressive symptomatology in up to 50% of patients,
who show similar biological alterations as those found in MD and can be treated with
antidepressant medication (Capuron and Miller, 2004; Raison et al., 2005; Maddock et al.,
2005; Lotrich et al., 2007; Bull et al., 2009).

The cytokine hypothesis suggests that external or psychosocial stressors and internal
stressors such as organic inflammatory conditions may trigger depression via inflammatory
processes (Maes et al., 2009). In fact, activation of the inflammatory immune system
provokes numerous neuroendocrine and neurotransmitter changes, many of which are
similar to those provoked by physical or psychological stressors. Moreover it has been
proposed that the brain translates an immune activation much as if it were a stressor
(Anisman, 2009). For a long time, the brain was considered to be a privileged organ from an
immunological point of view, but we now know that pro-inflammatory cytokines produced
in response to peripheral infections act on the brain to cause what is known as ‘sickness
behaviour’. If, during systemic infections, cancer or autoimmune diseases, the activation of
the peripheral immune system is prolonged, the immune signalling to the brain could lead to
an exacerbation of sickness behaviour and to the development of depressive symptoms in
vulnerable individuals (Dantzer et al., 2008).

Pro-inflammatory cytokines also affect neuroplasticity. They influence neuronal functioning
through changes in apoptosis, oxidative stress and metabolic derangement, as well as by
impairing processes of neuronal branching (Hayley et al., 2005). In particular, IL-1beta has
been shown to inhibit long-term potentiation, a form of neuronal plasticity believed to
underlie learning and memory (Pickering and O’Connor, 2007), both of which are
frequently affected in MD.

3.1. Mechanisms of cross talk between cytokines and GR

The way a cell responds to glucocorticoid and cytokines is determined by interactions
between several signalling pathways. Cytokines can activate the HPA axis, causing an
elevation of systemic glucocorticoid levels, and at the same time, they can inhibit GR
function at multiple levels, including GR translocation and induction of GR isoforms with
reduced capacity to bind ligand (Pace et al., 2007). Some interactions, such as GR binding to
its DNA response element, occur in the nucleus. In the cytoplasm, interference can happen
with various signalling proteins, such as mitogen-activated protein kinase (MAPK), ERK, c-
Jun N-terminal kinase (JNK), Janus kinase (JAK) and IkB kinase beta (Pace and Miller,
2009). In particular, all of the MAPKSs have been identified as potential targets for the anti-
inflammatory actions of glucocorticoids through blockage of their activating
phosphorylations. Vice versa, cytokine-activated MAPK signalling can phosphorylate the
GR protein itself, thereby modulating its turnover and its transcriptional activity imposing an
extra layer of regulation of GR function. This mutually antagonistic cross talk mechanism
may contribute to the occurrence of steroid insensitivity.
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3.2. Pro-inflammatory cytokines IL-1beta and IL-6

Among the pro-inflammatory cytokines, IL-1beta and IL-6, both of which increase during
infection, have been described as playing a central role in synaptic plasticity, neurogenesis
and neuromodulation (McAfoose and Baune 2009). The increase in these two cytokines,
together with IFN-alpha, have received the greatest attention in the context of MD, although
the decrease in anti-inflammatory cytokines such as IL-4 and IL-10 might also be of
significant importance. Howren et al. (2009) conducted a meta-analysis of articles published
between 1967 and 2008 and reported that both IL-1 and IL-6 were positively associated with
depression (IL-6, p< .001; IL-1, p=.03). A recent meta-analysis of twenty-four studies
(Dowlati et al., 2010) also reported significantly higher levels of IL-6 (p< .00001) in MD
patients compared to controls. Furthermore, in another study conducted on 60 pregnant
women, it has been found that post partum depressive symptoms are associated with higher
levels of maternal serum IL-6 during pregnancy (Christian et al., 2009).

Animal studies have also provided some useful evidence for a putative role of these
cytokines in the context of stress and depression. For example, mice subjected to chronic
mild stress (CMS) showed increased IL-1beta levels in the hippocampus and in parallel a
development of changes in behaviour resembling depressive symptoms, such as decreased
sucrose preference and reduced social exploration. In contrast, mice with deletion of the
IL-1 receptor did not display such behavioural changes (Goshen et al., 2008). In addition, it
has also been demonstrated that both inhibiting the IL-1 receptor and using IL-1 receptor
null mice prevented the anhedonic behaviour caused by chronic stress exposure (Koo and
Duman, 2008).

Taken together, it is possible that increased levels of pro-inflammatory cytokines, especially
IL-1 and IL-6, may contribute to the pathophysiology of depression inducing, as we will
discuss below, glucocorticoid resistance, neurodegeneration, or indeed other yet unknown
mechanism.

4. Interactions between cytokines and glucocorticoids: what comes first?

Is it possible to know if cytokines directly cause disturbances of the HPA axis and GR
downregulation? Or do they maybe enhance a disturbance that was already caused by a
previous stressor? Glucocorticoid resistance can underlie the HPA axis disturbances and this
might be caused by cytokines. Since communication occurs between the endocrine, immune,
and central nervous system, an activation of the inflammatory responses can affect
neuroendocrine processes, and vice versa. In fact, stress can promote inflammatory
responses through effects on sympathetic and parasympathetic nervous system pathways.
Both stressors and inflammatory immune activation may produce parallel neurochemical
changes that can act either independently, additively or synergistically in promoting MD
(Anisman et al., 2008b; Anisman, 2009). Whereas depressed patients with increased
inflammatory biomarkers are more likely to be resistant to antidepressant therapy, a
response to treatment has been associated with decreased inflammatory responses (Raison et
al., 2006; Miller et al., 2009). Several mechanisms may be involved. Inflammatory
cytokines and their signalling pathways including MAPK, NF-kappaB, signal transducers
and activators of transcription and cyclooxygenase have been found to inhibit GR function
by acting on GR translocation or on GR-mediated gene transcription (Miller et al., 1999;
Pariante et al., 1999; Pace et al., 2007). In addition, changes produced by stress or immune
responses may affect neurogenesis and influence cellular viability, predominantly through
NF-kappaB and MAPK pathways (Anisman et al., 2008b).

An interesting recent study supports the idea that chronic stress is accompanied by GR
resistance and activation of pro-inflammatory pathways (Miller et al., 2008). The study,
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conducted in peripheral blood monocytes of caregivers of patients with malignant brain
cancer, involved genome expression microarrays. The caregivers’ patterns of cortisol
secretion were similar to those of matched control. However, their monocytes showed
diminished expression of transcripts bearing response elements for glucocorticoids, and
heightened expression of transcripts with response elements for the key pro-inflammatory
transcription factor NF-kappaB (Hayden et al., 2006). These findings suggest that stress
produces functional resistance to glucocorticoids, which enables activation of pro-
inflammatory transcription control pathways, even in the absence of decreased GR mRNA
expression or excess cortisol production.

Additional information has been provided by animal model studies. In this respect, it has
been shown that mice with deletion of the IL-1 receptor did not display neuroendocrine
changes when subjected to chronic stress. Interestingly, the removal of endogenous
glucocorticoids abolished the depressive-like effects of CMS, indicating that the blunting of
the adrenocortical activation may play a role in their resistance to develop depression.
Furthermore, chronic administration of corticosterone produced depressive symptoms both
in wild type and knockout mice, and the effects of CMS on behavioural depression could be
mimicked by exogenous administration of IL-1beta (Goshen et al., 2008). In another study,
splenocytes of mice stimulated with the bacterial cell wall component lipopolysaccharide
(LPS) and also repeatedly subjected to social disruption were less sensitive to the anti-
inflammatory actions of glucocorticoids, showing increased levels of pro-inflammatory
cytokines. The development of functional glucocorticoid resistance was accompanied by the
accumulation of glucocorticoid-insensitive cells in the spleen that exhibit impaired nuclear
translocation of the GR and lack of glucocorticoid-induced suppression of NF-kappaB
(Engler et al., 2008). Recurrent stressor exposure significantly increased mRNA expression
and plasma protein levels of IL-1beta. Furthermore, mice lacking IL-1 receptor exhibited
adrenal hypertrophy and elevated serum corticosterone levels in response to stressors and
failed to develop glucocorticoid resistance.

All these experiments indicate that there is interplay between cytokine receptors, stress and
depressive symptoms. In addition, there are two other factors that we have to take into
account if we want to answer our question of what comes first: the duration and the timing
of stress.

4.1. Effect of duration and timing of stress

Whereas an acute or short-term stressful life event can enhance immune responses, chronic
or long-term stress can suppress immunity. In this respect, mice with a spared nerve injury
have been used to assess the hypothesis that stress precipitates depressive symptomatology
through the induction of inflammation in the brain, and that a prior exposure to stress is able
to exacerbate behavioural and neuroinflammatory consequences. In fact, this model has
demonstrated that exposure to chronic restraint stress prior to the injury exacerbated a
depressive-like behaviour causing also an increase in IL-1beta gene expression, whereas a
pre-treatment with a corticosteroid synthesis inhibitor before stress was able to eliminate the
damaging effects of chronic stress. In addition, interference with IL-1beta signalling,
through administration of an IL-1 receptor antagonist, ameliorated the effects of the injury
on depressive-like behaviour (Norman et al., 2010). In a similar way, the length of immune
activation alters behaviour and exerts a central neurochemical impact. For example, it has
been shown that, in animal models, an acute injection of IL-1beta increases sickness and
levels of plasma corticosterone, while these effects are attenuated after subchronic treatment
(Anisman et al., 2008a).

In addition to the duration of stressful life events, also the timing of a stressor relative to the
time of activation and time course of an immune response is important.
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Immunoenhancement is observed when acute stress is experienced at early stages of
immune activation, while immunosuppression may be observed at late stages of the immune
response (Dhabhar, 2009). Using an animal model, Frank et al. (2010) showed that
glucocorticoids potentiate both the peripheral and central pro-inflammatory response to a
peripheral immune challenge if they are administered prior to the challenge. Contrarily,
when glucocorticoids are administered after the peripheral immune challenge, they suppress
the pro-inflammatory response measured as IL-1beta and IL-6.

In conclusion, HPA axis hyperactivity and inflammation might be part of the same
pathophysiological process: HPA axis hyperactivity is a marker of glucocorticoid resistance,
implying ineffective action of glucocorticoid hormones on target tissues, which could lead to
immune activation; equally, inflammation could stimulate HPA axis activity via both a
direct action of cytokines on the brain and by inducing glucocorticoid resistance.

5. Neurodegeneration

Several brain regions, specially the hippocampus, undergo structural changes in depression
(Sheline, 2003). In particular, neuroimaging studies have consistently shown reduced size of
hippocampal volume in MD as reported by meta-analysis studies of patients with recurrent
depression (Videbech and Ravnkilde, 2004; Campbell et al., 2004) and with longer duration
of illness (McKinnon et al., 2009). Even though in vivo imaging studies document these
significant reductions of volume, the exact underlying reasons for these changes are still
unclear. The selective and persistent loss of hippocampal volume could be induced by
neurodegeneration, leading to hippocampal neuronal death, and also by decreased
neurogenesis (Sapolsky, 2004). Other factors like shifts in fluid balance or changes in the
extracellular space could also explain this hippocampal shrinkage (Czeh and Lucassen,
2007). Considering that the actual volumetric increase that could be due to regular
neurogenesis, occurring only in the adult dentate gyrus, is quite small, this is unlikely to
explain on its own the hippocampal volume reduction observed in MD. It could be possible
that the explanation lies in a more general neurodegenerative process rather than simply a
reduction of neurogenesis. In fact, enhanced neurodegeneration in depression may be caused
by the presence of persistent inflammatory processes. Multiple inflammatory cytokines,
oxygen radical damage, tryptophan catabolites (see below) and neurodegenerative
biomarkers have all been established in patients with MD and corroborated by animal
models of depression (Maes et al., 2009). However, it has to be noticed that
histopathological studies examining the hippocampus of depressed individuals seem to be
contradictory. In fact, Stockmeier et al. (2004) observed that the packing density of glia,
pyramidal neurons and granule cell neurons is significantly increased in all hippocampal
subfields and the dentate gyrus, and pyramidal neuron soma size is significantly decreased,
suggesting that a significant reduction in neuropil in MD may account for the decreased
hippocampal volume detected by neuroimaging.

Other researchers found no evidence of neurodegeneration in depressed patients. More
specifically, the study of MD patients done by Miiller et al. (2001) did not found any proof
of patterns of reactive astrogliosis, synaptic density or synaptic reorganization, all signs that
characterize neurodegenerative disorders like Parkinson’s and Alzheimer’s diseases. This
finding was also corroborated by Reif et al. (2006), who found normal amounts of newly
formed neural stem cells in MD. Thus, despite the frequent co-morbidity of depression with
Parkinson’s and Alzheimer’s diseases, it has been hypothesized that depression is not a true
neurodegenerative disorder (Thompson et al., 2008) or at least it does not involve only a
deficit in neurogenesis. Interestingly, however, antidepressant treatment in MD patients
seems to have an effect on neurogenesis. In fact, Boldrini et al. (2009) showed increased
progenitor cells in MD patients treated with antidepressants. More specifically, patients
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receiving these drugs had more dividing cells in the hippocampus than untreated patients
and controls.

All these analyses were conducted on post-mortem tissues, where results are indicative of
conditions at one time point only, but as many of the structural changes and the volume
reduction appear to be reversible, clearly more studies are needed. Therefore, research on
cellular systems, which would allow for controlled experiments in living human cells, would
be essential to investigate molecular mechanisms.

Several studies have investigated the role of cytokines and glucocorticoids leading to
neurodegeneration by a variety of mechanisms. The following paragraphs will describe
some of these mechanisms.

5.1. Neurodegeneration due to imbalances in the kynurenine pathway caused by cytokines

Administration of the cytokine IFN-alpha has been shown to cause the development of
depressive symptoms in humans (Capuron and Miller, 2004). A key molecular mediator in
the induction of this mechanism appears to be the enzyme indoleamine 2,3-dioxygenase
(IDO), which converts tryptophan into kynurenine (KYN), a precursor of 3-
hydroxykynurenine, a neurotoxic metabolite, and kynurenic acid, a neuroprotective
metabolite, as seen in Fig. 1. Following IDO activation, both the reduced peripheral
availability of tryptophan (putatively leading to reduced serotonin synthesis in the brain) and
the production of neurotoxic tryptophan metabolites are considered essential steps in the
pathophysiological processes. In fact, kynurenic acid is an N-methyl o-aspartate (NMDA)
receptor antagonist, and is generally considered neuroprotective, whereas 3-
hydroxykynurenine and quinolinic acid are NMDA receptor agonists, potentially neurotoxic
and thus potentially contributing to depression (Wichers and Maes 2004; Wichers et al.,
2005; Muller and Schwarz, 2007 Hashimoto, 2009). Moreover, pro-inflammatory cytokines
enhance the kynurenine-3-monooxygenase enzyme (KMO), which degrades kynurenine into
3-hydroxykynurenine and thus diverts the kynurenine pathway more into the neurotoxic
path. The importance of IDO as a critical molecular mediator in the development of
inflammation-induced depressive-like behaviour has been recently reinforced by studies by
O’Connor and colleagues. They showed that peripheral administration of LPS in mice
activates IDO to induce a depressive-like behavioural syndrome and to increase the brain
serotonin turnover. On the contrary, blockade of IDO activation either indirectly with an
anti-inflammatory drug that attenuates LPS-induced expression of pro-inflammatory
cytokines, or directly with an IDO antagonist, prevents the development of depressive-like
behaviour. Interestingly, both the anti-inflammatory drug and the IDO antagonist are able to
normalize the kynurenine/tryptophan ratio. Moreover, administration of KYN to naive mice
dose dependently induces depressive-like behaviour (O’Connor et al., 2009).

5.2. Neurodegeneration and glucocorticoids

The development of depressive symptomatology is a frequent side effect of glucocorticoid
treatment and one of the symptoms of Cushing’s syndrome. Furthermore, neuronal loss has
been reported in the hippocampus of stressed or corticosteroid-treated animals. Due to an
inhibitory control of the hippocampus on the HPA axis, damage to this structure is expected
to disinhibit the HPA axis, causing increased glucocorticoid levels over time. This
‘glucocorticoid cascade hypothesis’ of stress and hippocampal damage was proposed to be
involved in age-related accumulation of hippocampal damage in disorders like Alzheimer’s
disease and depression (Sapolsky et al., 1986). Furthermore, preclinical studies in which
animals are exposed to chronic stress (a paradigm used to mimic what happens in depressed
patients where stressful life events represent a precipitating factor for the pathogenesis of
depression) have been used to understand the hippocampal shrinkage in depressed patients.
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Indeed, these studies have shown that this hippocampal shrinkage is related to dendritic
retraction, suppressed adult neurogenesis and neuronal death in association with elevated
levels of glucocorticoids (Czeh and Lucassen, 2007).

Another significant study that supports a protective role for glucocorticoids even during
stressful situations is that of animals subjected to immune activation while being treated
with the GR inhibitor mifepristone (RU486). In particular, exposure to LPS produces an
inflammatory reaction, which is greatly increased and accompanied by a profound
neurodegeneration when mifepristrone is used (Nadeau and Rivest, 2003). In response to
LPS, cells produce several cytokines, and glucocorticoids control their expression. In the
absence of this negative feedback, some cytokines, in particular tumor necrosis factor alpha
(TNF-alpha), become highly toxic and cause a nonselective cell death. Therefore, in
controlling the cerebral innate immunity and TNF-alpha production, glucocorticoids play a
major role in protecting the brain.

An additional useful model to assess the effect of glucocorticoids on neurodegeneration is
Type 1 diabetes, a common metabolic disorder characterized by an increased secretion of
glucocorticoids and cognitive deficits. In order to assess whether excessive stimulation of
GR could be the cause of the cognitive deficits, mice with induced diabetes were treated
with the GR antagonist mifepristone (RU486). Interestingly, this GR blockade attenuated the
hippocampal abnormalities and rescued the diabetic mice from the cognitive deficits (Revsin
et al., 2009). This model therefore supports the role of glucocorticoids in inducing cognitive
(and possibly morphological) changes.

Contrary to the studies shown above where glucocorticoids exert neurodegenerative effects
in the developing brain, a few studies have shown that dexamethasone may also play a
neurotrophic and neuroprotective role. Dexamethasone is used in premature infants to
prevent and/or treat bronchopulmonary dysplasia that can adversely affect early
neurodevelopment and can probably cause a loss of cerebral volume (Grier and Halliday,
2003). Treatment of the neonatal rat brain with dexamethasone significantly decreases the
gain of body and brain weight. In addition, repeated doses of dexamethasone increase
caspase-3 activity (a marker of cell apoptosis). At the same time, dexamethasone causes an
increase in mMRNA and protein levels of vascular endothelial growth factor A (VEGF),
which has neurotrophic and neurogenesis enhancing effects. Therefore, while
dexamethasone can exert neurodegenerative effects in the developing brain, it can also
increase VEGF levels, which, in contrast, may play a neuroprotective role (Feng et al.,
2009).

5.3. Are cytokines or glucocorticoids the culprits? Final remarks

Chronic inflammation is now considered to play a central role in the pathogenesis of
cardiovascular disease, multiple sclerosis, diabetes, cancer and MD. If chronic inflammatory
changes represent a common feature of depression, this could predispose depressed patients
to neurodegenerative changes later in life. Indeed there is clinical evidence that depression is
a common antecedent of Alzheimer’s disease and may be an early manifestation of dementia
before the cognitive declines become apparent. The progression from depression to
dementia could result from increased levels of pro-inflammatory cytokines, which stimulate
a cascade of inflammatory changes and a hypersecretion of cortisol and which also induce
the production of neurotoxic end products of the tryptophan—kynurenine pathway (Leonard,
2007). Nevertheless, as mentioned before, all these changes may be also generated by a
HPA axis hyperdrive. Therefore, we cannot unequivocally accept the simple model that
glucocorticoids cause neurodegeneration, but rather that elevated cytokines, in the context of
glucocorticoid resistance, are probably the offenders. Chronic stressors induce sustained
elevations in cortisol, which, over time, cause immune cells to undergo a compensatory
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downregulation of GR activity. These changes may be an adaptative mechanism specifically
induced by cytokines to increase immune reaction in situation of stress. The development of
glucocorticoid resistance after social disruption may be such a mechanism, allowing animals
to heal injuries and clear invading microbes in the presence of the anti-inflammatory stress
hormones (Avitsur et al., 2009). This limits the ability of cortisol to further reduce immune
responses, even in the presence of high circulating glucocorticoid levels, and as a result
there is low-grade inflammation, which is hypothesized to contribute to the infectious,
autoimmune, and cardiac diseases, whose risk is linked to stress.

In conclusion, chronic inflammatory changes in the presence of glucocorticoid resistance
may represent a common feature configuring vulnerability that could predispose depressed
patients to neurodegenerative changes later in life.

Further studies are needed to clarify the relative contribution of glucocorticoids and
inflammatory signals to MD and other disorders.
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Fig. 1.
Kynurenine pathway of tryptophan metabolism. IDO, indoleamine 2,3-dioxygenase; KMO,
kynurenine-3-monooxygenase.
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