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ABSTRACT
Multiple lines of evidence suggest that inflam-

mation and glutamate dysfunction contribute to 

the pathophysiology of depression. In this review 

we provide an overview of how these two sys-

tems may interact. Excess levels of inflamma-

tory mediators occur in a subgroup of depressed 

patients. Studies of acute experimental activa-

tion of the immune system with endotoxin and of 

chronic activation during interferon-α treatment 

show that inflammation can cause depression. 

Peripheral inflammation leads to microglial acti-

vation which could interfere with excitatory amino 

acid metabolism leading to inappropriate gluta-

mate receptor activation. Loss of astroglia, a fea-

ture of depression, upsets the balance of anti- and 

pro-inflammatory mediators and further impairs 

the removal of excitatory amino acids. Microglia 

activated by excess inflammation, astroglial loss, 

and inappropriate glutamate receptor activation 

3CME

Needs Assessment
Depression is a serious disorder for which available treatments are inadequate 
and the pathogenesis of which is poorly understood. Recent research has high-
lighted the potential role of excess inflammation and dysregulated glutamate 
neurotransmission in depression. The convergence of these two fields may 
reveal novel treatment targets.

Learning Objectives
At the end of this activity, the participant should be able to: 
•  List inflammatory mediators commonly elevated in plasma in depression.
• Understand the potential role of the kynurenine pathway in depression.
•    Enumerate two ways in which inflammatory mediators and glutamate 

interact.
•  Describe the specific role and interactions between microglia and astro-

glia and how this may contribute to depression.

Target Audience: Neurologists and psychiatrists

CME Accreditation Statement
This activity has been planned and implemented in accordance with the 
Essentials and Standards of the Accreditation Council for Continuing 
Medical Education (ACCME) through the joint sponsorship of the Mount 
Sinai School of Medicine and MBL Communications, Inc. The Mount Sinai 
School of Medicine is accredited by the ACCME to provide continuing medi-
cal education for physicians. 

Credit Designation
The Mount Sinai School of Medicine designates this educational activity for a 
maximum of 3 AMA PRA Category 1 Credit(s)TM. Physicians should only claim 
credit commensurate with the extent of their participation in the activity. 

This activity has been peer-reviewed and approved by Eric Hollander, MD, 
chair at the Mount Sinai School of Medicine. Review date: April 28, 2008. Dr. 
Hollander does not have an affiliation with or financial interest in any organi-
zation that might pose a conflict of interest.

To Receive Credit for This Activity
Read this article and the two CME-designated accompanying articles, reflect 
on the information presented, and then complete the CME posttest and 
evaluation found on page 528. To obtain credits, you should score 70% or 
better. Early submission of this posttest is encouraged: please submit this 
posttest by June 1, 2010, to be eligible for credit. Release date: June 1, 
2008. Termination date: June 30, 2010. The estimated time to complete all 
three articles and the posttest is 3 hours. 
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ultimately disrupt the delicate balance of neuro-

protective versus neurotoxic effects in the brain, 

potentially leading to depression.
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INTRODUCTION
Depression is a common and debilitating dis-

order for which current treatments are inade-
quate. The pathogenesis of depression is not well 
understood. The annual prevalence of depres-
sion is 7% and the lifetime prevalence is 16%.1,2

In addition to significant disability,3 depression 
is associated with excess mortality,4,5 particu-
larly from cardiovascular disease.6 Current anti-
depressants, which target monoamines, only 
produce remission in 30% of patients. Part of 
the problem lies in the fact that the pathophysi-
ology of depression has not been elucidated, 
and treatments are based on empirical data, not 
mechanisms of action. It remains unclear how 
these drugs actually work, since their ability to 
increase synaptic concentrations of monoamines 
is immediate, while their clinical effects take 2–4 
weeks to become apparent.7 The aim of this arti-
cle is to provide an overview of studies implicat-
ing inflammation in depression, and propose a 
model of how excess inflammation may interact 
with glutamate and glia to cause depression.

For this review, we searched PubMed with the 
following combinations of keywords: “depres-
sion AND inflammat*”, “depression AND cyto-
kines”, “depression AND glutamate”, “depression 
AND glia”, “cytokines AND glutamate”, and 
“inflammat* AND glutamate.” Abstracts were 
read and articles chosen based on content. 
Articles addressing the role of inflammatory 
mediators in depression were selected. In addi-
tion, we included all articles addressing interac-
tions between glutamate and inflammation, and 
between depression and glia. 

INFLAMMATION IN DEPRESSION
Immunologic alterations in depression have 

been described for over 2 decades8 and the cur-
rent hypothesis is that excess inflammation plays 
a role.9,10 The innate immune system can favor 
a T helper cell type 1 (Th1) or a Th2 response. 
During a Th1 response activated macrophages 
secrete so-called pro-inflammatory mediators, 

such as interferon-γ (IFN-γ), tumor necrosis fac-
tor (TNF), and interleukin-1 (IL-1) and IL-2. A Th2 
response is characterized by antibody production 
and anti-inflammatory mediators, IL-4, IL-5, and 
IL-10, which inhibit the Th1 response. This balance 
is essential to prevent excess inflammation which 
can have deleterious consequences. It has been 
repeatedly shown that a subgroup of patients 
with depression has elevated plasma levels of 
pro-inflammatory mediators, including IL-1, IL-2, 
IL-6, TNF, and C-reactive protein.8,11-14 In patients 
with depression the ratio of IFN-γ to IL-4 was 
elevated, and this ratio decreased with antide-
pressant treatment.15 Multiple studies14,16-18 have 
shown that there is a decrease in Th1 mediator 
levels with antidepressant treatment, indicating 
that one potential mechanism of action of antide-
pressant treatments is decreased inflammation. 
Researchers19 have found that higher levels of 
TNF at baseline may predict a poor response to 
escitalopram. In a rare prospective study,20  an 
increased inflammatory state at baseline (ele-
vated levels of C-reactive protein and increased 
capacity of leukocytes to produce IL-1) predicted 
later onset of depression in elderly individuals 
without a prior history of depression, suggesting 
that excess inflammation precedes depression. 
In summary, inflammatory mediator levels are 
elevated in depression, the Th1:Th2 balance is off, 
and such excess inflammation may play a role in 
the development of depression and contribute to 
poor response to antidepressants.

It is important to keep in mind that the periph-
eral and central inflammatory systems operate 
in parallel. In rodents, peripheral inflammatory 
stimuli induce expression of inflammatory media-
tors in the brain.9 Conversely, over-expression of 
IL-1 in the rodent brain led to increased periph-
eral production of inflammatory mediators,21

highlighting this bi-directional communication 
between central and peripheral inflammatory sys-
tems. In monkeys, intravenous administration 
of IL-1 led to increases in IL-6 in cerebrospinal 
fluid (CSF),22 and in hepatitis C patients receiving 
IFN-α treatment, CSF levels of IL-6 increased dur-
ing treatment (A. Miller, MD, et al, written com-
munication, 2007), demonstrating that, as seen 
in rodents, peripherally activating the immune 
system activates inflammatory pathways in the 
primate brain. Consistent with this, in patients 
with depression levels of IL-1 in CSF are also ele-
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vated,23 suggesting that, in depression, there is 
excess inflammation both centrally and periph-
erally. Because an appropriate Th1:Th2 balance 
is of crucial importance to avoid the deleterious 
effects of excess inflammation, several redundant 
mechanisms regulate this balance. For example, a 
recent study24 demonstrated that repeated endo-
toxin stimulation of monocytes induced chroma-
tin modifications which silenced the transcription 
of inflammatory genes, while priming the tran-
scription of antimicrobial genes. It is possible this 
or other regulatory mechanisms are deficient in 
depression, leading to excessive inflammation. 

In patients with hepatitis C treated with IFN-α
up to 45% develop depression.25 IFN-α-induced 
depression is associated with increases in 
plasma levels of IL-6 and TNF,26 inflammatory 
mediators commonly elevated in depression. As 
previously described, IL-6 levels also increase in 
CSF. On functional magnetic resonance imag-
ing, IFN-α treatment is associated with hypo-
metabolism in prefrontal and temporal regions, 
findings similar to those in depression27,28 dem-
onstrating that peripherally administered IFN-α
affects brain regions implicated in depression. 
Endotoxin, a cell-wall component of gram-nega-
tive bacteria, is a potent stimulus of the innate 
immune system. In rodents, administration of 
endotoxin leads to a constellation of behaviors, 
including decreased sucrose preference (akin to 
human anhedonia, a core symptom of depres-
sion), reduced exploratory and social behav-
iors, reduced food intake, and increased sleep.9

In humans, endotoxin at doses from 2–4 ng/kg 
causes influenza-like symptoms, such as fever, 
chills, headache, and myalgias.29,30 Lower doses 
of endotoxin (0.8 ng/kg) are insufficient to cause 
sickness symptoms, but do cause depressive 
symptoms.31 Another non-sickness-inducing 
inflammatory stimulus, Salmonella typhi vac-
cine, also induces negative mood.32

Inflammatory stimuli can induce psychiatric 
symptoms that are not dependent on the physi-
cal discomfort associated with inflammation and 
do not require a full-blown sickness syndrome. 

ANTI-INFLAMMATORY AGENTS 
HAVE ANTIDEPRESSANT EFFECTS

If depression is associated with excess 
inflammation, one would expect that inhibiting 
inflammation would reduce depressive symp-

toms. Eicosanoids are inflammatory mediators 
that mediate fever, vascular permeability, and 
neutrophil chemotaxis. The enzyme that con-
verts arachidonic acid to eicosanoids is called 
cyclooxygenase-2, and inhibition of this enzyme 
reduces inflammation. In a randomized, pla-
cebo-controlled trial of the cyclooxygenase-2 
inhibitor celecoxib in depressed patients treated 
with reboxetine,33 celecoxib augmentation was 
more efficacious than placebo.  Another anti-
inflammatory medication used in various forms 
of arthritis is etanercept, an antagonist of the 
inflammatory mediator TNF. In a trial in patients 
with psoriasis,34 it was demonstrated that etaner-
cept reduced depressive symptoms independent 
of improvement in psoriatic symptoms, such 
as skin involvement and joint pain. This study 
suggests that blocking TNF can treat depressive 
symptoms, which is consistent with elevations 
in TNF plasma levels seen in depression, the fact 
that such levels go down with treatment, and 
the fact that knocking-out TNF receptors in mice 
reduces depressive-like behaviors.34

MEDICAL COMORBIDITIES
Disorders associated with excess inflamma-

tion or other immune abnormalities, includ-
ing diabetes, coronary artery disease, Crohn’s 
disease, rheumatoid arthritis, cancers, human 
immunodeficiency virus, and multiple scle-
rosis36,37 are associated with an increased 
prevalence of  depression.  For  example, 
after myocardial infarction (MI), 20% to 30% 
of patients develop depressive symptoms.6

Interestingly, symptoms of post-MI depres-
sion differ from classic depression, as post-
MI depression is characterized by prominent 
fatigue, and irritable rather than depressed 
mood.38 Fatigue and irritability are also com-
mon symptoms in IFN-α-induced depression.25,39

In cancer survivors, fatigue is associated with 
inflammatory mediators.40 Thus, it is possible 
that fatigue in post-MI depression and in other 
medical disorder, and during IFN-α treatment, 
is caused by excess inflammation. Consistent 
with this, neurovegetative symptoms of depres-
sion, including fatigue and disturbances of 
sleep and appetite, predict development of 
atherosclerosis.41 Because depression is a het-
erogeneous syndrome, it is necessary to study 
the associations between inflammation and 
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specific symptoms, such as fatigue, sleep, and 
appetite, rather than depression as a categori-
cal construct. Whether fatigue or other neuro-
vegetative symptoms occur more frequently 
in depressed patients with elevated inflamma-
tory mediator levels is a question that has not 
been answered. Fatigue, and its neurobiological 
sibling anhedonia, often do not improve with 
current treatments, such as selective serotonin 
reuptake inhibitors,42 and this could be because 
inflammation-related depressive symptoms 
are more resistant to monoaminocentric treat-
ments. Capuron and colleagues43 showed that 
increased activity in basal ganglia, specifically 
the left nucleus accumbens and putamen, cor-
related with IFN-α-induced fatigue, pointing to a 
potential neuroanatomical substrate of inflam-
mation-induced fatigue. In the future, such stud-
ies may identify brain regions that mediate each 
specific symptom of depression.

MECHANISMS THROUGH WHICH 
INFLAMMATION COULD CAUSE 
DEPRESSION

We have reviewed how depression is associ-
ated with increased peripheral inflammation, how 
inflammatory states can cause depressive symp-
toms, and how reducing inflammation can alle-
viate depressive symptoms. We will now review 
some mechanisms through which inflammation 
could produce depression, including interference 
with serotonin (5-HT) synthesis, glutamate metab-
olism, glial cell function, and neuroplasticity. 

Inflammation, Serotonin, and Kynurenine
The amino acid tryptophan is the precursor of 

5-HT and melatonin. The enzyme indoleamine 2,3-
dioxygenase (IDO) converts tryptophan to kyn-
urenine (Figure 1). When tryptophan is shuttled 
down the kynurenine pathway there is less tryp-
tophan available to make 5-HT. This is akin to 
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FIGURE 1. 
Tryptophan, kynurenine, and quinolinic acid*

*  IDO converts tryptophan to kynurenic acid, an NMDA receptor antagonist. This reduces tryptophan availability for serotonin synthesis. Microglia activated by 
inflammatory mediators can convert tryptophan to quinolinic acid, an NMDA agonist. Therefore, pro-inflammatory mediators favor the production of quinolinic 
acid, while anti-inflammatory mediators inhibit synthesis of quinolinic acid. Decreased serotonin availability and excessive glutamate receptor agonism have 
been implicated in depression. Depression associated with IFN-α treatment may occur because of interference with this pathway, and selective serotonin reup-
take inhibitors, such as paroxetine, are, therefore, efficacious in treating depression caused by IFN-α. The word neurotoxicity denote consequences of excess 
excitatory amino acid levels, however, neurotoxicity has not been unequivocally demonstrated in depression.

NMDA=N-methyl-N-methyl-N D-aspartate; Th=T helper cell; IL=interleukin; IDO=indoleamine 2,3-dioxygenase; IFN=interferon; TNF=tumor necrosis factor; Rx=prescription; 
5-HIAA=5-hydroxyindoleacetic acid.

McNally L, Bhagwagar Z, Hannestad J. CNS Spectr. Vol 13, No 6. 2008.
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tryptophan depletion, an experimental paradigm 
used to induce depressive symptoms in suscep-
tible individuals.44 In microglia and macrophages, 
IDO expression is induced by Th1 cytokines, such 
as IFN-γ, IL-1, and TNF, and inhibited by Th2 cyto-
kines, such as IL-4 and IL-10.45 Thus, excess inflam-
mation may reduce 5-HT levels through activation 
of this pathway in central and peripheral macro-
phages, contributing to depression. 

In IFN-α-induced depression, plasma levels 
of kynurenine increase, however, paroxetine 
reduced depressive symptoms without decreas-
ing kynurenine levels,46 suggesting that increased 
synaptic 5-HT caused by paroxetine can compen-
sate for the tryptophan siphoned off to the kyn-
urenine pathway. 

Recently, it was shown that IFN treatment in 
hepatitis patients increased CSF levels of IL-6 and 
decreased levels of 5-hydroxyindoleacetic acid, 
a 5-HT metabolite. Depressive symptoms corre-
lated with decreases in 5-hydroxyindoleacetic acid, 
suggesting that the depressogenic effects of IFN-α
may involve the kynurenine pathway (A. Miller, 
MD, et al, written communication, 2007).

Inflammation and Glutamate
Over the last few years, evidence suggests 

that glutamate plays a role in depression.47,48

Patients with depression, both during an acute 
episode and during remission, have elevated lev-
els of glutamate in some brain regions.49,50 The 
N-methyl-D-aspartate (NMDA) glutamate recep-
tor antagonist ketamine produces a profound 
antidepressant effect with almost immediate 
onset,51,52 and recent data53,54 on antidepressant 
properties of the glutamate modulator riluzole 
are promising. The current hypothesis47 holds 
that excessive glutamate action, especially extra-
synaptic glutamate, may be deleterious for neu-
ronal function and contribute to depression. 

Inflammatory mediators can, through acti-
vation of the kynurenine pathway (Figure 1), 
increase glutamate receptor agonism. The two 
main end-products of the kynurenine pathway 
bind to NMDA receptors: Kynurenic acid is an 
NMDA receptor antagonist, while quinolinic acid 
is an NMDA receptor agonist. Although IDO, the 
rate-limiting enzyme in the kynurenine pathway, 
is expressed in multiple cell types, microglia 
are the only cells in the central nervous system 
that express the complete enzymatic pathway 

required for the synthesis of quinolinic acid.55

Therefore, inflammatory mediators acting on 
microglia will increase the quinolinic acid to 
kynurenic acid ratio, leading to net NMDA ago-
nism.15,56 In addition to NMDA agonist action, 
quinolinic acid directly causes release of gluta-
mate.57 Thus, inflammatory mediators can cause 
an environment of excess glutamate receptor 
agonism and resultant neurotoxicity. Although 
glutamate can cause neurotoxicity, it is impor-
tant to point out that neurotoxicity in depression 
has not been unequivocally demonstrated. 

Interactions between inflammatory media-
tors and glutamate are bi-directional. Glutamate 
causes TNF release from endotoxin-activated 
microglia.58 The NMDA antagonist ketamine 
inhibits endotoxin-induced TNF production in 
glia,59 and memantine, another NMDA receptor 
antagonist, decreased endotoxin-induced activa-
tion of microglia.60 Thus, on one hand, inflam-
matory mediators can cause an environment 
of excess glutamate receptor agonism through 
increased quinolinic acid production and gluta-
mate release. On the other hand, activation of 
NMDA receptors, by glutamate or quinolinic acid, 
may activate microglia and cause further release 
of inflammatory mediators, causing a vicious cir-
cle (Figure 2). Astrocytes are responsible for tak-
ing up excess glutamate to protect neurons from 
toxicity. This occurs through excitatory amino 
acid transporters (EAAT).61,62 Knockdown of glial 
transporters (EAAT1 or EAAT2) leads to gluta-
mate excitotoxicity, while knockdown of the neu-
ronal transporter does not.63,64 In cortical lesions 
in multiple sclerosis, the presence of activated 
microglia correlated with focal loss of EAAT1/2, 
while no loss was seen in the absence of acti-
vated microglia.65 This indicates that inflamma-
tory mediators released by microglia adversely 
affect astroglial expression of EAAT and, thus, 
could impair glutamate removal. 

Inflammatory mediators can cause excess 
glutamate receptor agonism through three dif-
ferent mechanisms, including increased pro-
duction of quinolinic acid, increased release of 
glutamate, and inhibition of excitatory amino 
acid removal by astroglia.

Inflammation, Microglia, and Neuroplasticity
Studies in animals and humans indicate that 

neurotoxicity and loss of neuroplasticity play a 
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role in depression.66-68 Inflammatory mediators 
can activate microglia that release neurotoxic 
substances,69 but microglia can also have neu-
rotrophic effects.70,71 For example, microglia pro-
duce the IL-1 receptor antagonist (IL-1ra) which 
protects neurons from the harmful effects of 
IL-1.72 In patients who suffered traumatic brain 
injury, high IL-1ra levels and high IL-1ra:IL-1 
ratios in brain microdialysates predicted better 
outcomes,73 demonstrating the clinical impor-
tance of keeping inflammation under control. 
The Th2 mediator IL-4 induces a neuroprotec-
tive microglial phenotype, whereas activation 
with endotoxin or the Th1 mediator IFN-γ leads 
to neurotoxic microglia.71 Thus, an inappropri-
ate Th1:Th2 balance, as found in some patients 
with depression, could impair neuroplasticity 
by shifting the microglial phenotype toward a 
neurotoxic one. 

Once stimulated by inflammatory signals, 
microglia stay activated for several months and 
continue expressing inflammatory mediators, 

including IL-1 and TNF.69,74,75 Mice lacking the 
enzyme required to synthesize IL-1 have reduced 
sickness behavior and lower expression of neu-
rotoxic and inflammatory mediator genes in 
the brain after peripheral endotoxin injection.76

On the other hand, genetic overexpression of 
IL-1 in the brain led to reduced spontaneous 
behavior, axonal injury, and increased periph-
eral expression of inflammatory mediators.21

Of note, blockade of the enzyme required for 
IL-1 synthesis inhibits glutamate neurotoxicity 
and activation of microglia,77 suggesting that 
glutamate neurotoxicity requires IL-1 and illus-
trating the reciprocal and complex interactions 
among inflammatory mediators, glutamate, 
and microglia. 

A recent study78 found that when rats were 
given IFN-α for 9 weeks degeneration of 5-HT 
and noradrenergic axons occurred, indicating 
that neurotoxicity induced by inflammation 
can specifically target monoaminergic systems 
involved in depression. This is fascinating given 

CNS Spectr 13:6      © MBL Communications, Inc. June 2008506CNS Spectr 13:6      © MBL Communications, Inc. June 2008506

FIGURE 2. 
Excitatory amino acid production and removal*

*  Glutamate and quinolinic acid are excitatory amino acids that can have neurotoxic effects through NMDA receptor agonism. Excess glutamate is removed by 
astroglial EAAT. Microglia, activated by pro-inflammatory mediators, produce quinolinic acid and inhibit EAAT expression, potentially leading to excess NMDA 
agonism. NMDA antagonists such as ketamine and memantine can inhibit microglial release of pro-inflammatory mediators. How this occurs is not known. 

NMDA=N-methyl-N-methyl-N D-aspartate; Th=T helper cell; IL=interleukin; EAAT=excitatory amino acid transporter; TNF=tumor necrosis factor; IFN=interferon; 
Rx=prescription.

McNally L, Bhagwagar Z, Hannestad J. CNS Spectr. Vol 13, No 6. 2008.
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the prevalence of emergent depression during 
IFN-α treatment. Antidepressants have been 
shown to inhibit IFN-γ-induced microglial pro-
duction of IL-6 and nitric oxide,79 suggesting 
that inhibition of brain inflammation may be 
one mechanism of action of antidepressants. As 
occurs in peripheral macrophages,80,81 microg-
lia express brain-derived neurotrophic factor 
and its receptor, tyrosine receptor kinase B.82

Brain-derived neurotrophic factor is believed 
to play an important role in depression,83 and 
any alteration of microglial production of this 
or similar growth factors could thus contrib-
ute to the occurrence of depression. Figure 3 
illustrates the variety of mechanisms through 
which inappropriate microglial activity could 
cause depression through deleterious effects 
on neuroplasticity.
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FIGURE 3. 
Neurotoxic and neurotrophic actions of microglia and astrocytes*

*  Peripheral inflammatory mediators induce microglial activation. This is one pathway through which peripheral immune system activation (eg, endotoxin administration 
or IFN-α treatment) could produce psychiatric symptoms. This may also explain the antidepressant effects of TNF antagonism. Activated microglia release neurotoxic 
substances, including  ROS, pro-inflammatory cytokines, and eicosanoids, while resting microglia release neurotrophic factors, such as BDNF. An inappropriate Th1:
Th2 balance may shift microglia towards a neurotoxic phenotype. Astrocytes release neurotrophic factors and recycle neurotoxic excitatory amino acids, such as 
glutamate. Pro-inflammatory mediators and activated microglia impair the ability of astrocytes to remove glutamate. The antidepressant properties of riluzole may 
reside in its ability to enhance astroglial uptake of glutamate, thus countering the deleterious effects of microglial activation and excess inflammation.  

BDNF=brain-derived neurotrophic factor; ROS=reactive oxygen species; Rx=prescription; IL=interleukin; EAAT=excitatory amino acid transporters; 5-HT=serotonin; 
PGE2=prostaglandin E2; CRH=corticotropin-releasing hormone; SSRI=selective serotonin reuptake inhibitor; SNRI=serotonin-norepinephrine reuptake inhibitor; 
IFN=interferon; TNF=tumor necrosis factor; Th=T helper cell; LPS=lipopolysaccharide.

McNally L, Bhagwagar Z, Hannestad J. CNS Spectr. Vol 13, No 6. 2008.
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Inflammation, Astroglia, and Neuroplasticity
Astroglia also play a role in neuroplasticity 

through secretion of neurotrophic factors, and the 
number of astroglia is reduced in depression.84

When astroglia were added to neurons in culture, 
there was an increase in the number of mature 
synapses,85 whereas removal of astroglia caused 
a decrease in the number of synapses.86 As previ-
ously mentioned, inflammatory mediators induce 
microglial production of quinolinic acid, which, 
like glutamate, can be neurotoxic.87-89 Astrocytes 
are responsible for removing excess glutamate 
to protect neurons from toxicity. Down-regula-
tion of astrocytic EAAT in amyotrophic lateral 
sclerosis may play a role in disease progression.90

Interestingly, riluzole, a medication used in amy-
otrophic lateral sclerosis and that has shown 
preliminary efficacy in depression,53,54 enhances 
glutamate uptake by astroglia.91 This may occur 
through upregulation of astrocytic EAAT expres-
sion (G. Sanacora, MD, PhD, unpublished study, 
2007). Thus, the antidepressant effects of riluzole 
may reside in its ability to enhance glutamate 
uptake in astroglia, possibly compensating for a 
loss of astroglia and counteracting inhibition of 
astroglial EAAT expression by activated microglia. 

Studies have shown that in patients with 
depression there is a decrease in glial fibrillary 
acidic protein staining, indicating a loss of astro-
cytes.92,93 A reduction in the number of astroglia 
would impair the brain’s capacity to recycle neu-
rotoxic excitatory amino acids and decrease the 
availability of neurotrophic factors. As microg-
lia preferentially synthesize Th1 mediators and 
astrocytes preferentially secrete Th2 mediators, 
the balance between microglial and astrocyte 
activity may be of pivotal importance for optimal 
brain function. Reduced numbers of astrocytes 
would impair the Th2 anti-inflammatory effects 
that inhibit microglial Th1 responses, facilitating a 
neurotoxic microglial phenotype. This, combined 
with reduced amounts of astroglia-derived neu-
rotrophic factors and increased excitatory amino 
acid toxicity, would cause neuronal damage and 
impaired neuroplasticity (Figure 3). Treatments for 
depression, such as antidepressants and electro-
convulsive therapy, has been shown to increase 
levels of glial markers and neurotrophic factors 
produced by glial cells.67 Thus, astrocytes and 
microglia are promising targets in the develop-
ment of new treatments for depression.

DISCUSSION
Although elevation in plasma levels of inflam-

matory cytokines in depression has been repeat-
edly shown, some studies have failed to replicate 
this finding. One reason is that depression is a 
heterogeneous disorder and excess inflamma-
tion only occurs in a subpopulation of depressed 
patients. Plasma levels of inflammatory media-
tors are influenced by genetic polymorphisms.94

Although beyond the scope of this review, the 
genetic background will thus determine what 
level of inflammation will occur after a specific 
pathogen exposure and also to what extent this 
has detrimental effects, such as causing depres-
sion.95 Although chronic inflammation may be 
associated with the development of depres-
sion and other disorders, chronic inflammation 
may have provided a survival benefit in terms 
of fighting off pathogens in an era before anti-
biotics.10 Genes that predispose one to chronic 
inflammation—and perhaps to depression—may 
thus have been conserved because of their sur-
vival benefit. We have seen how abundant evi-
dence supports a link between inflammation and 
depression. The mechanisms whereby inflamma-
tion leads to depression proposed here incorpo-
rate current monoaminergic, glutamatergic, and 
neurotrophic hypotheses rather than demand-
ing an entirely new framework. The interactions 
between inflammatory systems, on one hand, 
and 5-HT, glutamate, and neurotrophic systems 
on the other hand help explain the associations 
between depression and inflammation. The bi-
directional interactions between peripheral and 
central inflammatory pathways raises the possi-
bility that inflammatory dysfunction in the brain 
in depression contribute to the peripheral inflam-
mation. This is important for diseases associated 
with depression, such as cardiovascular disease, 
in which inflammation may play a pivotal role. 
Thus, a re-examination of depression and its 
pathophysiology through the lens of inflamma-
tion may lead to a more complete understanding 
of the disorder and improved ways to treat it.

CONCLUSION
Immunologic abnormalities, especially indices 

of excess inflammation, are a common finding 
in patients with depression. Although the causal 
direction of these associations are unclear, there 
is increasing evidence suggesting that inflamma-
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tion could, in a subgroup of patients and in some 
medical conditions, contribute to the pathogen-
esis of depression. This may occur through inter-
ference with monoaminergic, glutamatergic, and 
neurotrophic systems. CNS
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