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Abstract: In spite of many years of research, the pathomechanism of depression has 
not yet been elucidated. Among many hypotheses, the immune theory has generated a 
substantial interest. Up till now, it has been thought that depression is accompanied 
by the activation of inflammatory response and increase in pro-inflammatory cytokine 
levels. However, recently this view has become controversial, mainly due to the 
family of small proteins called chemokines. They play a key role in the modulation of 
peripheral function of the immune system by controlling immune reactions, 
mediating immune cell communication, and regulating chemotaxis and cell adhesion. 
Last studies underline significance of chemokines in the central nervous system, not 
only in the neuromodulation but also in the regulation of neurodevelopmental 
processes, neuroendocrine functions and in mediating the action of classical neurotransmitters. Moreover, 
it was demonstrated that these proteins are responsible for maintaining interactions between neuronal and 
glial cells both in the developing and adult brain also in the course of diseases.  

This review outlines the role of chemokine in the central nervous system under physiological and 
pathological conditions and their involvement in processes underlying depressive disorder. It summarizes 
the most important data from experimental and clinical studies. 

Keywords: Antidepressant drugs, chemokine, chemokine receptors, depression, neuroinflammation, neuroplasticity, 
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1. INTRODUCTION 

 Depression is a highly prevalent disorder characterized 
by a cluster of symptoms including disturbances of mood 
and affect, anhedonia and psychomotor symptoms with the 
greatest severity in youth and the elderly. Currently, the 
World Health Organization (WHO) estimated that 
approximately 350 million of people worldwide suffer from 
depression. Over the years, many different directions have 
been proposed and explored to investigate the mechanisms 
of the onset of affective disorders, like major depression, 
bipolar disorder or mania, but the actual pathogenesis of 
depression has not yet been elucidated.  

 Due to multiplicity and diversity of symptoms as well as 
various clinical pictures, it is difficult to find a common 
mechanism that could be responsible for the development of 
this disorder. During the progress of depression, multiple 
molecular, cellular, structural, and functional changes occur 
in the brain, what makes the task of explaining them by one 
hypothesis so challenging.  

 An initial theory of depression postulated that the changes 
of monoaminergic neurotransmission are responsible for  
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these disorder [1-3], whereas next hypothesis pointed to an 
imbalance of excitatory and inhibitory signaling in the brain 
[4, 5], hyperactivity of the hypothalamus-pituitary-adrenal 
(HPA) axis [6-8] or malfunction in the growth and neurotrophic 
factor systems [9]. Since many years, the immune and 
endocrine systems have been accepted to play a key role in 
the regulation of the nervous system function and to co-
operate with it in maintaining brain homeostasis. For this 
reason, the immune hypothesis is of paramount importance 
among many potential theories of the pathogenesis of 
depression. Its peculiarity consists mainly in its ability to 
combine all previous hypotheses of depression, mostly based 
on multifarious functions of immune cells and mediators.  

 Interestingly, the components of the immune system may 
influence directly and indirectly the development of 
depression via several neurobiological processes. The 
impairment of proper regulation within the immune system, 
particularly in the brain, interacts negatively with many 
pathways leading to: dysfunction of monoaminergic system 
e.g. reduction of serotonin level, production of neurotoxic 
tryptophan-like by-products (3-hydroxykynurenine (3-HK) 
and quinolinic acid (QA)), disturbances in HPA axis activity 
(e.g. hypercortisolemia and reduced glucocorticoid receptor 
density), defective neurogenesis (e.g. apoptosis and reduced 
neurotrophin production), neurocircuitry malfunction 
(cortical-striatal-limbic circuits) as well as neuroimmune 
deterioration [10-16]. 
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 This paper reviews data evidencing a new role of some 
cytokines with chemotactic property, called chemokines in 
the pathogenesis of depressive disorders. In the light of 
experimental data indicating their involvement in 
neuromodulation, regulation of neuroinflammation, brain 
cell communication and modulation of neuroendocrine 
functions, we aim to discuss important actions of chemokines 
in the brain and their direct or indirect impact on neuronal as 
well as glial cells.  

1.1. The Role of Inflammatory Processes in the 
Pathomechanism of Depression  

 It is well known that inflammation plays a role in 
cardiovascular disorders, diabetes and neurodegenerative 
diseases. Currently, a growing body of data has suggested 
that the list of disorders where inflammation is substantially 
involved should be supplemented with neuropsychiatric 
diseases, including depression. Several studies both in 
animal models and in humans revealed a strong link between 
the onset and progression of depression and the alterations in 
the levels of inflammatory mediators, including cytokines 
and chemokines in blood, serum and brain tissues.  

 One of the earliest results showing that depression may  
be associated with inflammatory processes came from the 
work of Maes and collaborators [17-19]. They demonstrated 
in depressed patients, the increased levels of inflammatory 
biomarkers, such as pro-inflammatory cytokines (e.g. 
interleukin 1β (IL-1β), interleukin 6 (IL-6), tumor necrosis 
factor-α (TNF-α), interferon ɣ (IFN-ɣ)) and altered secretion 
of anti-inflammatory cytokines (e.g. interleukin 4 (IL-4), 
interleukin 10 (IL-10)). Moreover, increased concentration 
of acute-phase proteins and up-regulation of cellular markers 
of immune activation was found. Following these initial 
reports, also other papers confirmed the immune theory of 
depression. Zorilla and collaborators [20] and Dowlati and 
collaborators [21] described increased levels of cytokines: 
IL-6, TNF-α and enhanced c-reactive protein (CRP) levels in 
blood samples from depressed patients. Clinical studies also 
showed that in patients suffering from depression the levels 
of IL-1β in plasma and cerebrospinal fluid (CSF) were 
increased and there was a positive correlation between serum 
concentration of the cytokine and depression severity [22, 
23]. Moreover, the Song’s group [24] demonstrated in 
patients with depression not only elevated IL-1β, but also 
decreased IL-10 levels in serum. However, some evidences 
indicated that IL-1β levels in the periphery and in CSF 
remained unchanged in patients with major depressive 
disorder (MDD) [21, 25, 26]. These discrepancies may result 
from the heterogeneous clinical picture in depressive 
patients. 

 Also studies in animal models of depression revealed 
changes in the function of the immune system. For instance, 
in rats exposed to repeated intermittent lipopolysaccharide 
(LPS) injections (neurobehavioral model of chronic 
depression), the thymus weight and proliferative activity of 
lymphocytes were significantly reduced. These changes were 
accompanied by alterations in IFN-γ and IL-10 synthesis in 
the periphery [27].  

 Moreover, using the prenatal stress model of depression, 
we demonstrated increased levels of pro-inflammatory 
cytokines: IL-1β, TNF-α and IFN- γ in both structures 
engaged in the pathogenesis of depression: hippocampus and 
frontal cortex [28, 29]. Prenatal stress procedure also 
modified response to peripheral inflammation induced by 
systemic administration of bacterial LPS [29, 30]. Moreover, 
experiments in the restraint stress model in mice revealed a 
higher expression of IL-1β and TNF-α in the hippocampus 
[31]. Further, in the animal model of depression based on 
chronic mild stress (CMS), where adult animals are exposed 
to the stress, the levels of IL-1β and IL-6 in the brain and IL-
6 and TNF-α levels in the serum were increased [32].  

 The immune theory of depression was further confirmed 
by studies utilizing antidepressant drugs, which may have 
anti-inflammatory properties via affecting the expression of 
pro- and anti-inflammatory factors [33-36]. Studies revealed 
that the elevated levels of pro-inflammatory cytokines, like 
interleukin 12 (IL-12) or IFN-γ were reduced after treatment 
with drugs from the group of selective serotonin reuptake 
inhibitors (SSRI). Additionally, one of the SSRIs - sertraline 
has been shown to increase the serum concentration of anti-
inflammatory cytokines: IL-4 and transforming growth 
factor-β1 (TGF-β1) in patients suffering from depression 
[37]. Further research also reported that elevated levels of 
most cytokines (interleukin 1 receptor antagonist (IL-1Ra), 
IL-6, interleukin 7 (IL-7), interleukin 8 (IL-8), IL-10, 
granulocyte-colony stimulating factor (G-CSF) and IFN-γ) 
were reduced after 12 weeks of treatment with different 
antidepressant drugs [38].  

 The next important line of evidence that supports the key 
role of inflammation in the pathogenesis of depressive 
disorders indicated that the administration of inflammatory 
factors (e.g. cytokines or cytokine release inducers) in 
animals as well as in humans can induce depression-like 
symptoms. For example, in patients, chronic treatment with 
interferon α (IFN-α) has been found to cause depressive 
behaviors [39-41].  

2. CHEMOKINES - BACKGROUND  

 In the late 1980s scientists isolated the signaling 
molecules, termed chemokines (chemotactic cytokines) that 
allowed leukocytes to communicate with one another and to 
recognize and destroy invading pathogens. Since then the 
view on chemokines in the brain has substantially changed. 
Apart from their traditional role in chemotaxis of immune 
cells, chemokines fulfill a lot of other functions, like 
regulation of migration [42, 43], proliferation of neuronal 
stem/progenitor cells [44], control of axon sprouting and 
elongation [45], synaptic pruning processes [46, 47], control 
of blood-brain barrier (BBB) permeability and regulation of 
infiltration and activation states of central and peripheral 
immune cells [48, 49]. They can also act as neuromodulators 
affecting pre- as well as post-synaptic systems [50-52]. In 
addition, chemokines regulate neuroendocrine functions, 
thus producing important actions in the brain via a direct or 
indirect impact on neuronal as well as glial cells [52, 43]. 

 Altogether, these observations greatly contributed to 
recognizing that the chemokine system consisting of ligands 
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and receptors may be considered as the third major 
communication system of the brain [53]. For this reason, the 
immune theory of depression once again came into the 
spotlight. Based on the above data it appeared that 
chemokines are the main proteins responsible for the  
regulation of inflammatory processes by controlling 
interactions between the immune and nervous system cells. 
This pathway seems to be important for maintaining or 
restoring brain homeostasis also in pathological conditions, 
including depression. 

2.1. Chemokines - An Overview 
 Chemokines are a group of small (8-14kDa) 
polypeptides. Since the discovery of the first protein with 
chemotactic activity, the chemokine family has included 
over 50 chemokines and 20 receptors [54]. Chemokines 
nomenclature is based on the class and a numerical 
designation, e.g. Chemokine (C-C Motif) Ligand 3 (CCL3), 
C-X-C motif chemokine 10 (CXCL10, IP-10) [55, 56]. It 
simplified the system that existed previously whereby 
chemokines were named according to their function and, 
therefore, could have several different names, e.g. Chemokine 
(C-C Motif) Ligand 2 (CCL2) was originally named 
monocyte chemoattractant protein 1 (MCP-1) [57, 58].  

 Recently, chemokines have been divided into four 
groups: C, CC, CXC and CX3C, based on the position of the 
key cysteine residues (N-terminal region of the protein) that 
participate in disulfide bonding (Fig. 1). CC and CXC are the 
two largest groups. In the CC group, comprising ca. 28 
members, the first two cysteines are adjacent to each other. 
In contrast, in the CXC group (ca. 16 members) they are 
separated by two amino acid residues. In the case of C 
group, there is only one cysteine in the N-terminal domain, 
while in the smallest CX3C family, three amino acid 
residues separate first two cysteine groups [59].  

 Moreover, genomic organization seems to be helpful to 
organize this large superfamily [60]. It has been found that 
the majority of human CXC chemokines are encoded at 
chromosomal location 4q12-21, while most of CC 
chemokines was found at 17q11-21 and these loci are often 
syntenic in other mammalian species [49]. 

 It has been demonstrated that a lot of chemokines are 
synthesized as proteins composed of a sequence of 20-25 
amino acids [61]. After synthesis, they are next secreted 
from the cell. Interestingly, two chemokines: C-X3-C motif 
ligand 1 (CX3CL1, fractalkine) and C-X-C motif chemokine 
10 (CXCL16, SR-PSOX) are expressed as transmembrane 
components and can be secreted after cleavage by members 
of the A Disintegrin And Metalloprotease (ADAM) family 
of enzymes. Therefore, they may act at a distance as soluble 
chemoattractants. Membrane-bound CX3CL1 and CXCL16 
can also serve as adhesion molecules for receptor-bearing 
cells [62-64].  

 Regarding the structure of chemokines, all proteins have 
similar tertiary structure: a disordered N-terminus of 6-10 
amino acids, long loop, known also as the N loop, a 310-helix 
and a three-stranded beta-sheet, and finally a C-terminal 
alpha helix [65].  

2.2. Chemokine Receptors as a Target for the Chemokine 
Action  

 Chemokines mediate their biological effects via 
interactions with 7-transmembrane G protein-coupled 
receptors (GPCRs). Studies showed that these proteins have 
two main sites of interaction with their receptors: the flexible 
N-terminal domain and the rigid loop. Moreover, model 
composed of two steps, for chemokine receptor binding and 
activation has been demonstrated. First, the N-terminus and 
extracellular loops of the receptor binds to the core domain 

 

Fig. (1). Chemokine families. Chemokines are classified in four 
distinct subclasses: C (γ), CC(β), CXC (α), and CX3C(δ) according 
to the number and spacing of their cysteine residues in their N-
terminus. Cys – cysteine residue, X – amino acid residue, disulfide 
bridges are shown as dotted lines. 
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of the chemokine ligand. Next, the N-terminus of the 
chemokine enters directly into the helical bundle of the 
receptor [52, 66, 67].  

 Chemokine receptors have 340-370 amino acids and their 
amino acid sequences show 25-80% identity [52]. Receptors 
for chemokines are divided into subtypes according to the 
chemokine group they preferentially bind, e.g. CC 
chemokines bind to CC receptors. As yet, only one exception 
has been found, namely Chemokine (C-C Motif) Ligand 21 

(CCL21), that in addition to Chemokine (C-C Motif) Ligand 
7 (CCR7), also binds to C-X-C motif chemokine 3 (CXCR3) 
[58]. The name of the receptor consists of the chemokine 
subfamily name (C, CC, CXC, CX3C) followed by the  
letter “R” (“receptor”) and a number in the chronological 
order in which it was identified. It is very interesting that  
one chemokine can bind to more than one receptor, but 
likewise each receptor subtype binds multiple chemokines 
(Fig. 2). 

 

Fig. (2). Chemokine receptors and their ligands. Chemokine receptors belong to the superfamily of seven-transmembrane-domain G-protein-
coupled receptors (GPCRs). Interestingly, some chemokines can bind to more than one receptor. Also, certain receptors can bind to multiple 
chemokines, while other chemokine receptors bind to a single ligand. 
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 All chemokine receptors belong to the family of GPCRs. 
Generally, the G-proteins activated by chemokine receptors 
belong to Gαi family (class A GPCRs) and are pertussis 
toxin sensitive [55, 69]. Although recently, it has been 
shown that C-X-C motif chemokine 7 (CXCR7), the newly 
discovered receptor for C-X-C motif chemokine 12 
(CXCL12, SDF-1, stromal cell-derived factor 1), does not 
lead to the activation of Gαi signaling and may act as a  
β-arrestin-based receptor [70].  

 After activation by a chemokine, chemokine receptors may 
stimulate various intracellular targets, e.g. adenylcyclase, 
phospholipases, GTP-ases, such as Rho, Rac, and Cdc42 and 
pathways of major kinases, like phosphatidyl inositol-3 
kinase (PI3-K) and mitogen-activated protein kinases 
(MAPKs) [71, 72].  

3. THE ROLE OF CHEMOKINES IN THE BRAIN 

 Considering the diversity of intracellular signaling 
pathways activated by chemokines, these protein systems 
can influence at once a broad spectrum of cellular processes. 
Therefore recently, their impact on both physiological and 
pathological processes has been strongly underlined.  

 Chemokines are divided according to their role into three 
categories based on biological activity: those responsible for 
the maintenance of homeostasis, involved in the onset of 
inflammatory processes and dual-function chemokines. 
Inflammatory chemokines are enhanced during inflammation 
and are considered to take part in leukocyte recruitment to 
inflamed areas. Unlike, homeostatic chemokines are 
constitutively expressed and mediate migration or homing. 
At last, dual-function chemokines cannot be assigned to 
either of the above-mentioned categories without ambiguity 
[73].  

 In the brain, the glial cells (microglia and astrocytes) are 
the main source of chemokines, but also neuronal cells may 
express some chemokines, like CCL2, CCL3, CXCL10, CCL21 
and CX3CL1 [68, 74]. The expression of chemokines in 
normal physiological conditions is hardly observable but 
inflammatory stimuli significantly enhance the production of 
these proteins [75, 76]. So far, it has been postulated that 
only two chemokines: CX3CL1 and CXCL12 are expressed 
constitutively in the central nervous system [77-79]. 
Interestingly, also the expression of chemokine receptors, 
widely present in the normal brain, like CCR2, CCR5, 
CXCR2, CXCR3, CXCR4 and CX3CR1 can change in 
dependence on pathological conditions, which indicates that 
in the brain these proteins are engaged in the response to 
pathological stimuli.  

3.1. Chemokines-Brain Development and Neuronal 
Plasticity 

 Recently, it has been suggested that chemokines are 
important players in the regulation of neurodevelopmental 
processes and neuronal plasticity [80, 81]. Their activity is 
slightly different between respective brain structures, 
nevertheless essential in hippocampus and frontal cortex, 
two structures strongly involved in the pathogenesis of 
depressive disorders. Especially, the role of chemokine 

CXCL12 and its receptor (CXCR4) in the migration of 
neurons to their final destination is highlighted. Data 
demonstrated that CXCR4 and CXCL12 control the 
migration of proliferating cells of the dentate gyrus (DG), 
elongation of axons and branching within hippocampal 
neurons as well as migration of GABA-ergic interneurons to 
the cortex and gonadotropin-releasing hormone (GnRH) 
neurons from the vomeronasal organ to their destination 
within the hypothalamus [45, 79, 82, 83]. CXCL12 is present 
in the cerebral cortex along the migration stream of 
interneurons, whereas the CXCR4 of migrating interneurons 
[84-86]. What is important in CXCR4 knock-out mice, 
where the stream migration is disrupted, interneurons 
prematurely exit the migratory streams and invade the 
cortical plate, leading to abnormal interneuron distribution 
[86, 87].  

 An increasing body of evidence implicated dysregulation 
of hippocampal neurogenesis as an important factor in the 
pathophysiology of several psychiatric disorders including 
depression [88]. It has been found that C-X-C motif 
chemokine 13 (CXCL13) and its receptor (CXCR5) may be 
involved in the maturation and proliferation of subgranular 
zone cells in the hippocampal dentate gyrus [89]. Furthermore, 
another chemokine-C-X-C motif chemokine 14 (CXCL14), 
highly expressed especially in the hippocampus, may regulate 
synaptic inputs to the adult neural progenitor cells (NPCs) as 
well as hippocampal integrity in mature mammals [90]. 
Recently, studies in CX3CR1 knock-out animals have 
revealed that CX3CL1-CX3CR1 signaling regulates the 
development and plasticity of neuronal circuits, with 
consequences on the brain connectivity, adult hippocampal 
neurogenesis, memory, learning and the behavioral 
performance [91-94]. Interestingly, CX3CL1-CX3CR1 system 
also determines the course of “synaptic pruning” [46]. 
Synaptic pruning is an activity-dependent developmental 
program in which many synapses that form in early stages 
are eliminated, while remaining are maintained and 
strengthened. In relation, Paolicelli and collaborators [92] 
demonstrated that mice lacking CX3CR1 possessed more 
synapses and reduced number of microglial cells in 
hippocampus during weeks 2-4 of postnatal development 
confirming in that way the importance of CX3CL1-CX3CR1 
signaling in the development of neuronal networks.  

 Altogether, these evidences substantiate the hypothesis 
that chemokines play an important role in the proper 
neurogenesis and neuronal plasticity, which are essential for 
normal functioning of the brain, while their distortion has 
been suggested to belong to the causes of depression. 

3.2. Chemokines and Neurotransmission 

 Further support to an important role of chemokines in the 
pathomechanism of depression comes from the fact that these 
proteins modulate the release of some brain neurotransmitters. 
For example, CX3CR1 and CX3CL1 are co-localized with 
serotonin (5-HT) neurons of the dorsal raphne nucleus. 
Electrophysiological experiments have shown that CX3CL1 
inhibits 5-HT neurotransmission in an indirect way by up-
regulating the sensitivity of 5-HT dorsal raphne nucleus 
neurons to GABA inputs [95].  
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 Similarly to CX3CL1, also CCL2 co-localizes with classical 
neurotransmitters, like acetylcholine in the substantia 
innominata and in the oculomotor nucleus as well as with 
dopamine in the substantia nigra [76, 96]. The suggested 
mechanism of CCL2 action is based on increases in the 
spinal neuronal excitability by suppression of the effect of 
GABA on these cells. On the other hand, results obtained 
from patch-clamp recordings have shown that CCL2 
increases α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) and N-methyl-D-aspartate (NMDA) receptor 
currents in spinal neurons and modulates glutamate secretion 
via a presynaptic effect [97]. Data revealed that another 
chemokine belonging to CC family namely CCL5 can 
regulate glutamate release in the cortex and spinal cord via 
intensifying the basal secretion while inhibiting the 
depolarization-evoked release of the excitatory amino acid 
[98, 99].  

 Likewise, CXCL12 has been shown to presynaptically 
modulate glutamatergic and GABA-ergic transmission in the 
rat substantia nigra, consequently leading to the modulation 
of downstream dopaminergic neurons [100]. Moreover,  
the paper by Melik-Parsadaniantz and Rostene [76] showed 
that CXCL12, as a stimulatory factor of dopamine 
neurotransmission, might be involved in the regulation of 
locomotor behavior in animals.  

3.3. Chemokines and Neuroinflammation  

 Chemokines and their receptors are thought to be 
important mediators of the inflammatory processes. 
Actually, the monocyte chemotactic protein (MCP) family 
members including e.g. CCL2, CCL7, CCL8 and CCL13 are 
involved in the immune/inflammatory response and are 
considered to be important mediators of neuroinflammation 
in the central nervous system [101]. CCL2 exerts mainly 
pro-inflammatory action through the regulation of 
chemotaxis of monocyte-derived macrophages and other 
inflammatory cells to the disturbed brain areas [102]. CCL2 
and its receptor CCR2 were demonstrated to be expressed on 
astrocytes, neurons, microglia and neuronal progenitor cells 
under basal as well as inflammatory conditions [103, 104]. 
Importantly, the regulatory role of CCL2 in the microglia is 
commonly accepted [102]. Data demonstrated that CCL2 
treatment of microglia led to the increase in migration and 
proliferation of these cells but not to a direct induction of its 
pro-inflammatory phenotype. On the other hand, some data 
demonstrated that the CCL2-treated microglia showed 
enhanced pro-inflammatory activity probably indirectly via 
the migration of P2X4 purinergic receptors to the cell 
surface membrane [105]. The pro-inflammatory role of the 
CCL2 in the pathogenesis of neurodegenerative processes 
(e.g. Alzheimer’s disease (AD)) has also been reported. The 
enhanced level of CCL2 may induce monocyte differentiation 
as well as monocyte and leukocyte recruitment, from the 
blood to the brain through the disrupted blood-brain barrier 
(BBB), thus increasing neuroinflammatory processes and 
hastening the AD pathogenesis [106]. 

 Importantly, several data postulate a dichotomy between 
the pro- and anti-inflammatory potential of CCL2 action 
mainly in the periphery [107]. There are some data revealing 
also a beneficial property of CCL2 in the brain but the 

mechanism of CCL2 action remains open to further 
investigation [73, 76]. One of them involves the 
intensification of anti-inflammatory cytokine, e.g. the IL-4 
expression [108]. Furthermore, some data have demonstrated 
that CCL2/CCR2 axis, may be implicated in neuronal 
communication and even in neuronal regeneration [109, 
110]. Indeed, the CCL2/CCR2 axis participates in recovery 
after ischemia as well as in maintenance of the neurovascular 
unit. CCL2 produced by activated glial cells plays a role in 
neurogenesis after stroke. It can attract neuroblasts derived 
from neuroprogenitor cells (NPCs) from the subventricular 
zone toward the ischemic region [61]. Another study also 
reported functional benefits of the changes in the CCL2/ 
CCR2 signaling in a model of combined radiation/traumatic 
brain injury. In this study, hippocampal-dependent cognitive 
impairment was reduced in CCR2-deficient mice. It is worth 
emphasizing that the contribution of other chemokines of the 
CC family to the neuroinflammation has been extensively 
reviewed. For instance, in CCR7-deficient mice, the impaired 
cell-mediated immune function and some behavioral changes 
have recently been described [111]. Some data indicated also 
the disturbances in the expression of chemokine receptor 
CXCR2 to participate in posttraumatic inflammation and 
secondary degeneration. In line with this suggestion, CXCR2 
knockout mice (CXCR2-/-) showed the reduced tissue 
damage and milder neuronal loss in comparison to wild-type 
mice [112]. 

 In recent years, peculiarity of fractalkine (CX3CL1) and 
its only receptor (CX3CR1) has focused interest in the 
context of neuroinflammation (Fig. 3). Fractalkine is produced 
mainly by neurons and acts on its receptor expressed on 
microglia what establishes a unique signaling system 
between cells within the central nervous system [113]. Due 
to specific features of this system, it is able to regulate glial 
activity: the cytokine and chemokine release and phagocytic 
activity of these cells [114-116]. Moreover, it has been 
shown that microglial cells play a key role in developmental 
synaptic pruning, while fractalkine has an important impact 
on the development of neurons, their maturation and creation 
of neuronal network, by regulating microglial activation [92, 
93, 117-119]. Cardona and collaborators [120] demonstrated 
that in many models of neurodegenerative disorders, the loss 
of neuron-microglia interactions by disturbances in the 
fractalkine and its receptor signaling resulted in microglial 
activation and, consequently, in worsening of the disease. 
Our recent studies in the prenatal stress model (an animal 
model of depression) have shown an altered expression of 
fractalkine in the hippocampus and frontal cortex of adult 
animals [our unpublished data]. It was accompanied by 
exacerbation of inflammatory activation in these brain 
structures [29]. These results seem to confirm that the 
fractalkine-fractalkine receptor system may be an important 
regulator of neuroinflammation.  

 Moreover, recent studies indicate that, besides CX3CL1, 
also CXCL16 contributes to the cross-talk between neurons, 
microglia and astrocytes to promote neuroprotection 
especially during ischemia. It has been shown that the 
treatment with exogenous CXCL16 diminished the ischemic 
volume in an in vivo model of permanent middle cerebral 
artery occlusion (pMCAO). It is very interesting that 
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CX3CL1 acts on microglial cells and activates CXCL16 
secretion by these cells, which may suggest a synergistic 
action of these particular protein systems in the brain  
[121]. 

3.4. Chemokines and Neuroendocrine Functions 

 The role of chemokines in neuroendocrine function is 
mostly related to their implication in the stress responses 
[122]. Initially, it was revealed that CXCL8 mRNA was 
expressed in the rat paraventricular nucleus (PVN), where 
the corticotropin-releasing hormone (CRH) is produced. 
Moreover, expression of CXCL8 was also found in the 
hippocampus, where negative feedback to the hypothalamo-
pituitary-adrenal axis (HPA) is generated. Therefore, it 
might imply that CXCL8 is involved in the stress-related 
neuroendocrine system [123].  

 It is worth emphasizing that some data showed the 
implication of chemokines, like CXCL12, in the migration of 
gonadotropin releasing hormone (GnRH) neurons. 
Importantly, GnRH neurons migrate from nasal regions to 
the hypothalamus to regulate reproduction in adults. 
Migrating GnRH neurons are CXCR4 positive [124] and in 
mice lacking CXCR4 a decreased GnRH neuron migration 
has been shown [124, 125].  

 The obtained data demonstrat the expression of cytokine-
induced neurotrophil chemoattractant (CINC, CXCL1) in the 
hypothalamus and in the pituitary [96]. Moreover, after the 
immune challenge induced by LPS administration, an 

enhanced expression of CXCL1 and interferon γ-inducible 
protein (IP-10, CXCL10) was reported in the PVN [126, 
127]. In addition, an immobilization stress procedure up-
regulated CXCL1 mRNA expression in the parvocellular  
and magnocellular subdivision of the PVN [126]. Painful 
stress induced by a noxious stimulation with formalin 
injection enhanced CINC immunoreactivity in the posterior 
pituitary and external layers of the median eminence  
[128].  

 A significant role of some chemokine-chemokine receptor 
systems in the regulation of stress response is correlated with 
the action of these proteins on glucocorticoids. It was 
discovered that high dose of methylprednisolone reduced 
expression of CCL2 in the ischemic rat brain [79]. In 
activated microglial cells dexamethasone also inhibits CCL2 
secretion. The destabilization of CCL2 mRNA by glucocorticoids 
can be mediated by the glucocorticoid receptor (GR) [59]. 

 Besides the involvement of chemokines in stress-related 
neuroendocrine function, they also play an important role in 
the regulation of body temperature, feeding or water balance. 
Several studies demonstrated that chemokines, such as: 
CXCL8, CCL3, CCL4, CLL5 induced hyperthermia [129-
131]. Instead, icv administration of CXCL4 suppressed the 
2-h night-time and total daily food intake. More recently it 
has also been shown that CXCL12 is constitutively expressed 
in melanine-concentrating hormone (MCH)-expressing neurons, 
which are involved in food intake [132]. CXCL12 is 
suggested to be important not only in the regulation of 

 

Fig. (3). Role of fractalkine (CX3CL1) and its receptor (CX3CR1) in the neuron-microglia interactions. A) in the healthy brain fractalkine is 
mainly expressed on neurons and its receptors on microglial cells. The crucial role of this system is to keep microglia in a quiescent 
‘inactive’ state. B) the disruption of fractalkine-fractalkine receptor signaling leads to prolonged activation of microglia which become 
ameboid-shaped (short processes, large soma). The activated microglia release a variety of pro-inflammatory factors such as: IL-1β, TNF-α, 
IL-18 or nitric oxide (NO). The aberrant activation of microglia caused by CX3CL1-CX3CR1 disturbances triggers to enhanced and 
prolonged neuroinflammation which may lead to the development of depressive disorders. 
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nutrition but also water balance, as it can blunt the 
autoregulation of AVP release in vitro and counteract 
angiotensin-II induced plasma AVP release in vivo [122].  

4. THE EVIDENCES FOR DISTURBANCES IN THE 
CHEMOKINE NETWORK IN DEPRESSIVE 
DISORDERS: EXPERIMENTAL STUDIES 

 There are only several papers showing the changes in the 
chemokine-chemokine receptor systems in animal models of 
depression. The majority of results come from the models of 
this disease based on stress procedures. Specifically, it was 
reported that immobilization stress increased the CXCL1 
mRNA expression in the parvocellular and magnocellular 
subdivision of the PVN, but not in the supra optic nucleus 
(SON). Immunostaining showed an increase in the CXCL1  
in the posterior pituitary [133]. In addition, painful  
stress induced by a noxious stimulation consecutively to 
subcutaneous injection of formalin into the hind footpad, 
increased immunoreactivity of the CXCL1 in the posterior 
pituitary and external layers of the median eminence and the 
secretion of CINC/CXCL1 in the peripheral blood [128]. 
Our recently published data demonstrated that prenatally 
stressed rats exhibited enhanced protein levels of CCL2 and 
CXCL12 in the hippocampus and frontal cortex [28]. 
Moreover, we observed the alteration in the expression of 
chemokine receptors, such as CCR2 and CXCR4 in the same 
structures, caused by maternal stress during pregnancy in 
male offspring. Contrarily, in an animal model of depression 
based on the chronic unpredictable mild stress, no significant 
changes in CCL2 level in the hippocampus were found 
[134]. Girotti’s group [135] revealed no effect of chronic 
intermittent cold stress (CIC stress) on basal expression of 
CXCL1 or CCL2 24h after the termination of stress. 
Nevertheless, CIC stress enhanced the release of the both 
CXCL1 and CCL2 chemokines in plasma as well as in the 

hypothalamus and prefrontal cortex in response to LPS 
administration.  

 A significant role of some chemokine-chemokine 
receptor system in the regulation of stress response  
was confirmed by the studies of Harrison and collaborators 
[111] who discovered that CCR7(-/-) mice after maternal 
separation exhibited significantly lower serum corticosterone 
concentrations compared to non-separated mice. Mice 
lacking CCR7 spent also less time in the open space during 
an open field test and more time in the closed arm of the 
elevated zero maze compared to their wild-type (WT) 
controls suggesting that CCR7 may be involved in  
social behavior and stress response following maternal 
separation [111]. In addition, the CCR7 and CCR6 have 
been shown to participate in other mechanisms regulating 
brain function, which may be responsible for behavioral 
disturbances related to neuropsychiatric disorders, like 
depression [136]. 

 A lot of recent studies which underlined the significance 
of chemokine disturbances in the pathomechanism of 
depressive-like behaviors in animals are based on 
experimental treatment with different activators of the 
immune system. Indeed, rats administered intraperitoneally 
(i.p) with CXCL1 showed the reduced spontaneous 
exploratory activity, changes in the open field test, and 
reduced burrowing behavior [137]. On the other hand, acute 
treatment with LPS increased CXCL1 and CCL2 levels in 
the prefrontal cortex [135]. What is more, the impact of 
chemokine system, in induction of “sickness behavior”, was 
demonstrated in the CX3CR1 knock-out model. In that 
study, the lack of CX3CR1 receptor in mice was shown to be 
connected with an increased duration of sickness behavior 
based on the tail suspension test in response to a peripheral 
LPS challenge [138]. Moreover, depression-like behavior in 

 

Fig. (4). Chemokines are suggested to be involved in the pathophysiology of depressive disorders because of their impact on 
neurotransmission, neurodevelopmental processes and neuroplasticity, regulation of neuroinflammation and modulation of neuroendocrine 
functions. 
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CX3CR1-/- mice was associated with persistent microglial 
activation in the hippocampus and prefrontal cortex as well 
as 2,3-indoleamine dioxygenase (IDO) activation (enzyme 
responsible for breakdown of serotonin precursors to 
neurotoxic metabolites), and was ameliorated by competitive 
inhibition of 2,3-IDO [139]. In another set of experiments 
where the polyinosinic:polycytidylic acid (poly (I:C)) and 
IFN-α injection in mice were used for induction of the 
depressive-like behaviors, up-regulated expression of CXCL1, 
CXCL10 as well as CCL5 was observed in the hippocampus 
and frontal cortex [140]. 

 Taken together, the results of studies on experimental 
animal models of depression conducted so far clearly 
demonstrated changes in the chemokine-chemokine receptor 
systems in the brain structures engaged in pathogenesis of 
this disease paralleled with behavioral disturbances which 
confirms the hypothesis about the role of these protein 
systems in the pathomechanism of depression.  

5. THE EVIDENCE FOR DISTURBANCES IN THE 
CHEMOKINE NETWORK IN DEPRESSIVE 
DISORDERS: CLINICAL STUDIES 

 Studies confirming chemokine malfunction in patients 
suffering from depression are scarce and inconsistent (Table 1). 
Most of them are based on the chemokine expression only in 

blood, plasma or CSF. Some of them postulated to use the 
changes in chemokine levels as biomarkers of depression 
[142, 143].  

 Distorted levels of chemokines belonging to CC and 
CXC families are described most often. In the CC family, 
CCL2 is the most notable for being a major monocyte-
attracting chemokine. The Simon’s group [143] has shown 
elevated level of CCL2 in serum of 49 patients with a current 
Major Depressive Episode and primary Major Depressive 
Disorder, in comparison to 49 age (within 3 years) and 
gender matched healthy control subjects. However, it should 
be mentioned that data on CCL2 level are equivocal. 
Although most of them have described an increased CCL2 
expression in serum in patients with depression [37, 144], 
there are also studies reporting a reduced [145, 146] or 
unchanged [147] level of this protein. In MDD suffering 
patients with suicidal ideation (SI), a lower serum level of 
CCL2 was described by Grassi-Olivier’s group [148] or no 
differences were observed [149]. Additionally, Grassi-
Olivier’s group [148] has demonstrated that lower level of 
CCL2 was found in MDD patients with suicidal ideation 
compared not only to control subjects but also to MDD 
patients without SI, suggesting distinct immunological 
profiles of these two groups of patients. Interestingly, Black 
and Miller [148] have shown a decrease in CCL2 in CSF of 

Table 1. The evidence for disturbances in the chemokine network: clinical studies. 

Illness Classification Results 

MDD  
(major depressive disorder) 

• increased plasma level of CXCL8 [24] 
• increased blood level of CCL2 [37] 
• increased serum level of CCL2, CCL3, CCL11 [143] 
• increased blood level of CCL2 [144] 
• decreased blood level of CCL2, CCL3 [145] 
• increased blood level of CXCL10 [165] 
• increased plasma level of CXCL12, CCL5, CXCXR4, CCR5 [166] 
• increased serum level of CXCL10 [164] 

MSD 
(moderate severe depression) 

• increased plasma level of CCL3 [156] 

Suicidal attempts 

• decreased serum level of CCL2, CCL5 [148] 
• increased serum level of CCL11 [148] 
• no changes in CSF level of CCL2 [149] 
• decreased CSF level of CCL11, CCL3, CCL2 [159] 
• decreased blood level of CCL2, CCL5 [146] 
• increased blood level of CCL11 [146] 
• decreased CSF level of CCL2, CCL4, CCL11, CCL13, CCL17 [146] 
• no changes in CSF and serum level of CXCL8 [161] 
• no changes in serum level of CXCL8 [162] 

BD 
(bipolar disorder) 

• no changes in serum level of CCL2, CCL3, CCL24, CXCL9, and CXCL11 [147] 
• decreased level of CCL24 [147] 
• decreased tissue (post-mortem) level of CCL3 [157] 
• no association with CCL2 promoter – A2518G polymorphism [151-153] 
• increased mRNA level of CCL2 isolated monocytes [154]  

OCD 
(obsessive-compulsive disorder) 

• increased plasma level of CCL3, CXCL8, CCL24 [158] 
• increased plasma level of CCL11, CXCL10, CCL24 [160] 
• decrease plasma level of CXCL8 [160] 
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patients who attempted suicide. In another study in patients 
suffering from bipolar disorder (BD), the elevated CCL2 
level correlated with the length of illness and the age of 
patients [150], while the other found no association [147]. 
Further to these results, several studies reporting analysis of 
the CCL2 promoter – A2518G polymorphism (rs1024611) in 
various ethnic groups have unanimously demonstrated no 
significant association [151-153]. The utility of serum CCL2 
as a marker of bipolar disorder will therefore require further 
investigation. However, an alternative approach has 
demonstrated a potential role of CCL2 in the heritability of 
bipolar disorder. Data from patients with BD and their 
offspring found that the expression of CCL2 mRNA in 
isolated monocytes was up-regulated in both patients with 
BD and their offspring, who developed mood disorders 
[154]. 

 Importantly, studies on the use of antidepressant drugs 
have not clarified the changes in CCL2 levels. A majority of 
data obtained so far showed that most of antidepressant 
drugs, e.g. venlafaxine, reduced the level of this chemokine 
increased by the disease [144, 155], but some, like sertraline, 
did not induce such changes [37].  

 CCL3 (MIP-1α, macrophage inflammatory protein -1α) 
is also a member of the CC family. Up till now, only a few 
studies have shown the correlation between CCL3 and 
depressive disorders. Some data [143] revealed the increase 
in plasma CCL3 level in depressed patients. The same 
relationship was observed by Merendino’s group [156]. On 
the other hand, in patients suffering from BD, only one 
report revealed no differences in serum CCL3 level in 
patients in comparison to healthy control subjects [147]. 
However, post-mortem examination of tissues from BD 
patients evidenced down-regulation of CCL3 expression 
[157]. In patients with obsessive-compulsive disorders 
(OCD), plasma level of CCL3 was increased. Moreover, 
alterations in this immunological factor, responsible for the 
enhancement of neuronal activity, were inversely correlated 
with the severity of depression [158]. 

 A link between CCL11 (Eotaxin) and depression has 
been suggested by some research. Apart from studies where 
no differences in serum level of this chemokine were shown 
[147], several studies reported a positive association between 
depression and CCL11 [143, 148]. Among them, a higher 
level of CCL11 was found in serum of MDD patients with 
suicidal ideation [146, 158]. These results were supported 
also by Grassi-Oliveira [148], who observed elevated CCL11 
level in depressed patients with suicidal ideation. However, 
Janelidze’s group [159] found that patients who had 
attempted suicide within the previous two weeks showed 
lower levels of the chemokine CCL11 in the CSF compared 
to healthy controls what also was confirmed later [146]. 
Furthermore, Barbosa and collaborators [160] found that BD 
patients demonstrated increased plasma levels of CCL11 and 
its level was associated with BD trait, similarly as in the case 
of CXCL10.  

 Most data on chemokines of the CXC family have 
focused on CXCL8 which is a chemokine peripherally 
inducing transmigration and degranulation of neurotrophils. 
However, data on alterations in CXCL8 level are incoherent. 

Results showed a decreased plasma level of CXCL8 in BD 
patients, which was associated with BD trait [160]. In 
contrast, there are also data revealing its increased plasma 
level in depressive and manic states [24] while another study 
showed no changes in BD euthymic patients [147]. The 
increased plasma expression of CXCL8 has been also noted 
in OCD patients [158]. Contrarily, no association between 
serum or CSF level was revealed in suicide attempters and 
suicide victims [149, 161]. On the other hand, Black and 
Miller [146] have shown that there is a significant decrease 
in patients with suicidality versus control subject but there 
are no differences between patients with suicidality 
compared to patients without suicidality. Importantly, the 
increased level of serum CXCL8 [24] or no differences [164] 
have been also observed in MDD patients.  

 Another chemokine of the CXC family namely CXCL10 
is a potent promoter of chemotaxis of activated Th1 cells and 
also an angiostatic factor with anti-fibrotic properties. 
Literature data indicate that its elevation is congruent with 
the increased leukocyte counts in peripheral blood that have 
been shown to be dependent on severity and treatment 
outcome in MDD patients [163]. Wong and collaborators 
[164] discovered the increased level of CXCL10 in serum in 
patients suffering from MDD. Moreover, the CXCL10 level 
was diminished after antidepressant treatment. Similarly,  
the study investigating the plasma CXCL10 level in BD  
type I patients in different mood states (e.g. euthymia and 
mania) revealed a significant increase in CXCL10 [160]. 
Additionally elevated level of this chemokine was associated 
with BD trait. The observation of the alterations in CXCL10 
level in BD patients is compatible with results of Brietzke 
group [147], showing the enhanced serum CXCL10 level in 
patients suffering from bipolar disorder (euthymic). Also 
other reports highlighted the increased CXCL10 level in 
MDD patients [167], which has been show to decrease in 
response to antidepressant [164]. However, in OCD patients, 
there was an inverse relationship between the severity of 
depression and the CXCL10 level [158]. 
 It should be added that in depressed patients the serum 
levels of other chemokines were also changed. For example: 
CCL24 and CXCL9 levels were mostly decreased [142, 147, 
160]. Fontenelle and collaborators [158] have shown that 
OCD subjects with greater severity of hoarding displayed 
lower level of CCL24.  
 Finally, the data pointed that the levels of CX3CL1 
[156], CXCL4 [41, 166] and CCL5 [146, 166] were altered.  

 Analysis of clinical literature data on the chemokine 
network has indicated that the changes in chemokine levels 
were observed principally in the periphery. Moreover, for 
now, it appears that there is no sufficient evidence for 
distinguishing or classification of depressive disorders, with 
a complex and variable clinical picture, based on 
disturbances in the chemokine network. Further, clinical 
picture of depression was complicated by other factors, like 
condition of the immune system, comorbid diseases, 
patient’s age, pharmacotherapy used, which should be 
regarded as a limitation of currently available studies.  

 On the other hand, the studies on animal models of the 
CNS diseases have provided substantial arguments for a key 
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role of chemokines in the brain and, hopefully, new insight 
into these processes will help us to understand better 
depressive disorders.  

6. CONCLUSIONS 

 The studies cited above provide evidences that the 
network of chemokines and their receptors play an important 
role in the regulation of peripheral as well as of the  
central nervous system function. In the light of a wide 
variety of chemokine actions, including brain development, 
plasticity, cell-to-cell communication, neurotransmission, 
neuroendocrinology function, inflammatory processes and 
behavioral regulation, these proteins may be considered as 
possible target in the treatment of depression disease or 
attractive biomarkers of psychiatric disorders. If only the 
methodological limitations of studies on this protein 
network, especially in human diseases, are overcome, future 
works may better characterize the role of chemokines as 
crucial regulators of the brain function. Detailed research 
may also help develop new therapeutic strategies both for 
prevention and more efficient treatment of depressive 
disorders.  
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