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Review
Neurogenesis is an important process in the regulation
of brain function and behaviour, highly active in early
development and continuing throughout life. Recent
studies have shown that neurogenesis is modulated
by inflammatory cytokines in response to an activated
immune system. To disentangle the effects of the differ-
ent cytokines on neurogenesis, here we summarise and
discuss in vitro studies on individual cytokines. We show
that inflammatory cytokines have both a positive and
negative role on proliferation and neuronal differentia-
tion. Hence, this strengthens the notion that inflamma-
tion is involved in molecular and cellular mechanisms
associated with complex cognitive processes and, there-
fore, that alterations in brain–immune communication
are relevant to the development of neuropsychiatric
disorders.

Building, refining, and modulating neural circuits
Neurogenesis is as a complex neurobiological process by
which new neurons are generated from neural stem cells
(NSCs) [1]. The ability of stem cells to self-renew and then
differentiate into specific cell subtypes has been demon-
strated both in vitro [2] and, more recently, in vivo [3]. For
this reason, the term ‘neural progenitor cells’ (NPCs) is
now used to loosely define all dividing cells with some
ability to generate different neural units [3]. Current data
have estimated that approximately 700 new neurons are
added to the adult human hippocampus daily, suggesting
that adult hippocampal neurogenesis has a critical role in
mediating human brain functions, such as memory forma-
tion and cognition [4,5]. In rodents, two neurogenic niches
are located in specific regions of the brain: the subventri-
cular zone (SVZ) of the lateral ventricles and the subgra-
nular zone (SGZ) of the dentate gyrus (DG) in the
hippocampus. Neurons generated in the adult SVZ migrate
through the rostral migratory stream and develop into
granule neurons and periglomerular neurons in the olfac-
tory bulb (OB). Neurons generated in hippocampal adult
SGZ migrate into the DG and become dentate granule cells
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(Figure 1) [3]. Likewise, adult neurogenesis in humans also
occurs in both the SVZ and the SGZ; however, newborn
neurons in the SVZ follow a putative migration towards the
striatum (STR), where they finally develop into mature
neurons (Figure 2) [6]. Unfortunately, neurogenesis in the
adult brain is too limited to repair central nervous system
(CNS) damage [7]. However, understanding how it is reg-
ulated might suggest ways in which it can be harnessed to
promote regeneration after brain insult [7]. Moreover, reg-
ulation of adult hippocampal neurogenesis is crucial to the
development of depressive behaviour and the ability to
cope with stress [8].

NSCs and NPCs are continuously stimulated to prolif-
erate, migrate, differentiate, and survive. However, any
pathological perturbation to the brain, including injury,
insult, or infection, can threaten normal CNS stability,
provoking a cascade of molecular and cellular events that
occurs mostly through microglial activation and a concom-
itant release of various inflammatory mediators, particu-
larly cytokines [9]. Cytokines can have a substantial role in
the brain [10]: on the one hand, they can confer immune
protection, clearing the system from dead and damaged
neurons and, on the other hand, they can exert certain
detrimental effects on NSC niches, leading to neuronal
death [11].

Although several studies have focused on both pro-and
anti-inflammatory cytokines, with respect to their either
positive or negative effects on neurogenesis [10], there is
still the need for further understanding of their contribu-
tion in modulating cell differentiation and survival. To
clarify this issue, here we review in vitro (cellular) studies
that investigate the effect of individual cytokines on cell
proliferation and differentiation of NPC types from differ-
ent donor tissue and species. In addition, we give an
overview of the molecular mechanisms underlying the
described effects.

The role of inflammatory cytokines on brain function
and neurogenesis
Cytokines are low-molecular-weight regulatory proteins or
glycoproteins secreted by various cells in the body, includ-
ing white blood cells, in response to an inflammatory
stimulus [12]. Many cytokines are referred to as interleu-
kins (ILs), a name indicating that they are secreted by
some leukocytes and act on other similar cell types
Trends in Neurosciences, March 2015, Vol. 38, No. 3 145
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Figure 1. Illustration of the sagittal view of a rodent brain showing the two neurogenic niches: the subventricular zone (SVZ) of the lateral ventricles and the subgranular

zone (SGZ) of the dentate gyrus (DG) in the hippocampus. (A) Neural progenitor cells (NPCs) generated in the adult SVZ proliferate (1), migrate through the rostral

migratory stream (RMS) (2) and develop into granule neurons and periglomerular neurons in the olfactory bulb (OB) (3). (B) NPCs generated in the adult SGZ of the DG

proliferate (1), migrate into the granule cell layer (2) and mature into new granule neurons (3), extending projections into the CA3 region of the hippocampus.
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[13]. Two other important types of cytokine include inter-
ferons (IFNs), which have the ability to activate immune
cells such as natural killer cells and macrophages [14], and
tumour necrosis factors (TNFs), which have been implicat-
ed in causing cell death [15]. In the brain, these inflamma-
tory mediators have the important role of conferring
immune protection and clearing the system from dead
and damaged neurons, as well as exerting physiological
and even neuroprotective functions [16]. By contrast, acti-
vation of peripheral inflammation is associated with in-
creased expression of cytokines in the neurogenic niches
[17], which directly impairs hippocampal-dependent forms
of synaptic plasticity [18], potentially leading to cognitive
impairment [19].

Cytokines have a central role in CNS functions
[9,20]. Emerging evidence suggests that, during an inflam-
matory response, cytokines influence the neurogenic niche
and regulate NPC proliferation and neurogenesis, partic-
ularly in the context of psychiatric and neurodegenerative
conditions [21,22]. Indeed, overexpression of proinflamma-
tory cytokines has been associated with several neuropsy-
chiatric disorders, such as depression [23], and
neurodegenerative diseases, including Alzheimer’s disease
(AD) and Parkinson’s disease (PD) [24,25]. Patients with
major depressive disorder (MDD) exhibit both increased
immune activation and aberrant regulation of neuronal
146
plasticity, including neurogenesis [26], which have been
linked with abnormal cellular immunity [10]. Particularly,
recent meta-analyses have reported significant upregula-
tion of immune molecules, particularly IL-1b, IL-6, and
TNF-a, in both serum and plasma of patients with depres-
sion [27]. These distinct cytokines, together with the trans-
forming growth factor beta (TGF-b), are involved in the
molecular and cellular mechanisms associated with com-
plex cognitive processes, such as mood and learning func-
tions [28]. Moreover, IL-1, together with IL-18 and TNF-a,
contributes to inhibition of synaptic plasticity and memory
consolidation [20,29], as reported in patients with MDD or
in experimental models of depression [23]. Similar abnor-
malities have also been reported in PD and AD, which are
conditions characterised by progressive neurodegenera-
tion as well as by an abnormal immune response, due to
hyperstimulation of microglia to produce inflammatory
cytokines [10]. For example, in a mouse model of progres-
sive PD, neurodegeneration was associated with an upre-
gulation of IL-1b and TNF-a [30]. Similarly, brains of
patients with AD showed increased production of IL-1
[31], together with an increased depletion of the neural
progenitor pool in distinct neurogenic areas, including the
SVZ [32]. Several pathways by which cytokines may cause
damage to PD and AD brains have been proposed [33–
35]. Overall evidence suggests that cytokines induce an
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Figure 2. Illustration of the sagittal view of a human brain showing the two neurogenic niches: the subventricular zone (SVZ) of the lateral ventricles and the subgranular

zone (SGZ) of the dentate gyrus (DG) in the hippocampus. (A) Neural progenitor cells (NPCs) generated in the adult SVZ proliferate and follow a putative migration towards

the striatum where they develop into mature neurons. (B) NPCs generated in the adult SGZ of the DG proliferate and reside into the granule cell layer where they mature

into new granule neurons, extending projections into the CA3 region of the hippocampus.
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inflammatory response mainly via glial activation, which
subsequently leads to cell neurodegeneration [29]. These
results support the hypothesis that neuroinflammatory
changes are key pathological components of MDD as well
as PD and AD, and highlight the potential clinical impor-
tance of the effects of cytokines on neurogenesis.

The effects of cytokines on neurogenesis
This section of the review is organised into six subsections,
each one describing the effect of specific cytokines on cell
generation: ILs (Table 1A–C), IFNs (Table 1D), and TNFs
(Table 1E). In each subsection, we first describe the studies
that assessed adult neurogenesis, using either human cells
(from the DG) or rodent cells (from the DG or SVZ). Second,
we report those studies that investigated fetal develop-
mental neurogenesis, using either human or rodent cells
taken from other brain regions. In addition, if available, we
discuss the molecular mechanisms underlying the de-
scribed effects. Given that we reviewed articles using
different NPC types from different donor tissue and spe-
cies, in Table 1 we have also highlighted the different
neurogenesis markers used within each study, and Box
1 provides further insight into the role of markers for the
detection of NPCs during the phase of proliferation and
differentiation. Table 2 gives an overview of the findings,
and Box 2 discusses their relevance for in vivo brain
function.

IL-1a and IL-1b

IL-1a increases neurogenesis in vitro whereas, in most
studies, IL-1b reduces NPC proliferation and neuronal
differentiation, and enhances gliogenesis (Table 1A). This
is different from in vivo studies, where evidence suggests
that both IL-1a and IL-1b have inhibitory influence on
hippocampal neurogenesis upon treatment [36]. However,
this discrepancy between in vitro and in vivo studies may
be partly explained by the different brain cells used in
vitro, because IL-1a has a stimulatory effect in mesence-
phalic cells (in the only in vitro study) [37], while IL-1b has
stimulatory effects in mesencephalic cells [37] but inhibi-
tory effects in hippocampal cells [38,39].

IL-1b decreased proliferation and neurogenesis in rat adult
DG NPCs, whereas co-treatment with IL-1 receptor antago-
nist (ra) prevented the negative effect of IL-1b on cell prolifer-
ation [40]. Likewise, IL-1b reduced proliferation and
differentiation of rat neonatal DG NPCs into serotonergic
(5-hydroxytryptamine; 5-HT) neurons. Accordingly, treat-
ment with IL-1ra blocked the inhibiting effect of IL-1b on
147



Table 1. Studies examining the effect of inflammatory cytokines on cell proliferation, gliogenesis, neurogenesis, cell migration, and apoptosisa,b

Inflammatory challenge Cell type Markers for: Findings Refs

Proliferation Gliogenesis Neurogenesis Cell

migration

Apoptosis Proliferation Gliogenesis Neurogenesis Cell

migration

Apoptosis

A. IL-1a and IL-1b

IL-1b Human fetal HNPCs GFAP b-III-tubulin " # [43]

Human fetal HNPCs BrdU, Ki-67 MAP-2, DCX " # [38]

Rat fetal HNPCs Measurement of

neurosphere

diameter and

volume

GFAP b-III-tubulin CASP-3 # " # = [39]

IL-1a Rat fetal

mesencephalic

NPCs

TH "*
[37]IL-1b TH "*

IL-1b Rat fetal HNPCs [3H] thymidine FITC-labeled

annexin V

# #

[50]
IL-1bra [3H] thymidine FITC-labeled

annexin V

" "

IL-1b Rat fetal HNPCs BrdU # [49]

IL-1b Rat neonatal

DG NPCs

BrdU MAP-2, 5-HT # #**
[41]

IL-1ra MAP-2, 5-HT "**

IL-1b Rat adult DG NPCs BrdU TUNEL # = [40]

IL-1ra Rat adult DG NPCs BrdU DCX # #
[42]Co-treatment

with IL-1ra

BrdU "

LPS-MDM-

derived IL-1b***

Human fetal

cortical

NPCs

[3H] thymidine GFAP b-III-tubulin " " #

[51]
Pretreatment

with IL-1ra***

[3H] thymidine =

B. IL-6

Human-IL-6 Human fetal

STR NPCs,

human fetal HNPCs

GFAP, GalC b-III-tubulin = "
[59]Rat IL-6 GFAP, GalC b-III-tubulin = =

Neutralisation

of IL-6

Human fetal

cortical NPCs

GFAP "

[60]
Neutralisation

of LIF

GFAP #

LIF Rat fetal

mesencephalic

NPCs

TH "* [37]

IL-6 Rat adult DG NPCs BrdU GFAP, NG-2 b-III-tubulin,

DCX

TUNEL = = # "

[56]
Neutralisation

of IL-6

b-III-tubulin "

IL-6 Rat adult DG NPCs GFAP b-III-tubulin = " [55]

H-IL-6 Mouse fetal

SVZ NPCs

BrdU GFAP, MBP b-III-tubulin # " " [53]

IL-6 Mouse adult

DG NPCs

GFAP b-III-tubulin " # [54]
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Microglial-derived

IL-6 and LIF***

Rat fetal SVZ NPCs GFAP "

[61]
Microglial-derived

CNTF***

GFAP =

C. IL-4, IL-10, and IL-11

IL-11 Rat fetal

mesencephalic NPCs

TH "* [37]

IL-10 Mice adult SVZ NPCs Ki-67 NG-2 b-III-tubulin = = # [65]

IL-4-TM**** Mouse fetal

cortical NPCs

BrdU GFAP MAP-2 # " " #
[63]

IL-10-TM**** BrdU GFAP MAP-2 " = = #
IL-4-TM**** Mouse adult

SVZ NPCs

NG-2 DCX " " [67]

D. IFN-a and IFN-g

Human-IFN-g,

rats-IFN-g

Human fetal

STR NPCs

GFAP, GalC b-III-tubulin = "

[59]
Human-IFN g,

rats-IFN-g

Human fetal HNPCs GFAP, GalC b-III-tubulin " =

IFN-g Rat fetal HYNPCs GFAP b-III-tubulin " " [77]

IFN-g Rat fetal STR NPCs BrdU TUNEL # " [75]

IFN-a Mouse adult

DG NPCs

Total number of

neurospheres

#

[71]
IFN-a Cr2–/– mice DG NPCs Total number of

neurospheres

=

IFN-g Mouse fetal HYNPCs BrdU GFAP b-III-tubulin # " " [76]

IFN-g+TNF-a Mouse neonatal

SVZ NPCs

GFAP NeuN EGFP

expressed

under XYZ

protein

TUNEL " = " " [72]

IFN-g –TM**** Mouse adult

SVZ NPCs

NG-2 DCX " " [67]

E. TNF-a

TNF-a Human fetal HNPCs GFAP b-III-tubulin " # [38]

Human-TNF-a,

rats-TNF-a

Human fetal STR

NPCs, fetal HNPCs

GFAP, GalC b-III-tubulin CASP-3 " # " [59]

TNF-a Human fetal

cortical NPCs

GFAP b-III-tubulin " # [51]

Rat adult SVZ NPCs BrdU GFAP b-III-tubulin TUNEL " = = " [80]

GFAP b-III-tubulin " # [60]

Rat adult DG NPCs b-III-tubulin,

DCX

# [56]

Mouse neonatal

SVZ NPCs

b-III-tubulin " [79]

TNF-a + INF-U Mouse neonatal

SVZ NPCs

GFAP NeuN EGFP TUNEL " = " " [72]

TNF-a (1 ng/ml

mouse or human

recombinant)

Mouse neonatal

SVZ NPCs

BrdU NeuN " "

[81]TNF-a (10 and

100 ng/ml mouse

or human

recombinant)

TUNEL "
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Box 1. Molecular markers for cell proliferation and

differentiation

Distinct molecular markers have been used in vitro to detect NPCs

during the phase of proliferation or differentiation into neurons,

oligodendrocytes, and astrocytes [106]. Most of the current markers

used for in vitro NSCs and/or NPCs and derived differentiated cells

have been drawn from in vivo data. Namely, during development

progenitors have been labelled with SRY-related HMG box-2

transcription factor (SOX-2) and nestin [107,108]. In particular,

SOX-2 is a member of the SOX family of transcription factors

[108], whereas nestin is a type VI intermediate filament protein

[107]. Both markers detect Type 1 (quiescent radial NSCs, GFAP+

SOX-2+) hippocampal cells [3]. As the CNS develops, these markers

become increasingly restricted until adulthood, where they are only

expressed in adult NSCs [109]. In the DG, certain subtypes of adult

NPC also express the GFAP, specifically Type 1 (quiescent radial

NSCs, GFAP+ SOX-2+) hippocampal cells and Type B (quiescent

radial adult NSCs, GFAP+) SVZ cells [3]. However, such markers

cannot be used solely because SOX-2 can label both subtypes of

stem cell and glial cell (astrocytes) [110], suggesting the need to use

a combination of positive markers. Given that NPCs can self-renew,

another useful marker is the synthetic nucleoside BrdU, because it

indicates cell proliferation. Specifically, BrdU is a synthetic nucleo-

side that can be easily incorporated into the newly synthesized DNA

of replicating cells [111]. Furthermore, because BrdU labelling is an

indication that a cell has recently been dividing, when colabelled

with a mature marker of a specific CNS cell type, it will reveal the

fate of the newborn cells (namely neurogenesis when double

labelled with a neuronal marker) [100]. Finally, upon differentiation,

specific markers for neurogenesis and gliogenesis are expressed. In

particular, the neuronal migration protein DCX is detected in

immature neurons, and is a marker for the early stages of

neurogenesis [98]. Contrarily, GFAP is expressed in mature astro-

cytes and has become a prototypical marker for astrogliogenesis

[112].

Review Trends in Neurosciences March 2015, Vol. 38, No. 3
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differentiation [41]. IL-1b reduced proliferation as well as cell
apoptosis also in rat adult DG NPCs [42]. Interestingly, co-
incubation with an inhibitor of nuclear factor (NF)-kB blocked
the antiproliferative effect of IL-1b [42].

Recombinant IL-1b decreased neurogenesis, but en-
hanced astrogliogenesis in human fetal hippocampal (H)
NPCs [38,43] and in rat fetal HNPCs, without affecting cell
apoptosis [39]. Conversely, IL-1a and IL-1b enhanced
differentiation of rat fetal mesencephalic NPCs into dopa-
minergic (DA) neurons [37]. These apparent contrasting
findings are partially supported by results in
vivo. Evidence shows that IL-1 (a + b) promotes re-inner-
vation and differentiation of DA neurons in the STR and
mesencephalon [44,45], whereas both IL-1a and IL-1b

inhibit neurogenesis in the hippocampus [36].
Finally, despite decreasing neuronal differentiation, IL-

1b promoted cell proliferation in human fetal HNPCs
[43]. Previous findings have reported different effects on
proliferation upon IL-1b treatment. For example, repeated
but not single intrahippocampal injection with IL-1b en-
hanced proliferation, whereas there were no changes if
systemically administered [46]. Another study showed an
increase in proliferation in young but not older mice upon
IL-1a treatment, which acts through the same IL-1r as IL-
1b [47]. However, other pharmacological compounds have
also been shown to have differential effects on proliferation
versus differentiation, for example when cells are treated
with antidepressants [48].

The inhibitory effects of IL-1b on neurogenesis in human
fetal HNPCs are mediated, at least in part, by activation of
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Box 2. The relevance of inflammation for neurogenesis: the

translational link between in vitro and in vivo data

The inflammatory process in the neurogenic regions of the brain

significantly alters the microenvironment of the NPCs and conse-

quently influences the fate of these cells [9]. In vitro evidence

suggests that hyperactivation of the immune response impairs

progenitor survival and differentiation. However, some of the

inflammatory products, including cytokines, are proneurogenic

and, therefore, promote recovery [10]. Due to the complex mechan-

isms by which the immune system differently determines the final

developmental fate of the NPCs, further in vivo evidence is needed

to better clarify in vitro data. Particular attention should be given to

the dialogue between innate immunity (i.e., natural killer cells and

macrophages) and adaptive immunity (i.e., cytokines and lympho-

cytes), and the way they differently interact and/or stimulate one

another in the context of acute or chronic neurodegeneration

[113]. This might provide further insight into how the two types of

immunity contribute to the severity of these conditions. Moreover,

different brain insults, including stressors, diversely activate the

immune system, leading to either a potentiation or a reduction in

neurogenesis [58]. Therefore, understanding the inflammatory

pathways by which different challenges modulate neurogenesis

will contribute to the development of novel therapeutic targets

specific for the type of insult [10]. While in vitro findings help to

identify the molecular and cellular mechanisms underlying the

effects of inflammation on neurogenesis, clinical studies provide

further insight into the role of inflammation in the behavioural and

cognitive impairments seen in patients with depression and/or

neurodegenerative conditions. Therefore, future research should

focus on immune products, such as cytokines, especially on those

for which sufficient evidence has been accumulated on their

molecular and cellular effects on mood and cognitive functions,

ultimately allowing the possible translational link between in vitro

data and clinical applications to be determined [18]. Understanding

the mechanisms underlying the association between inflammation

and neurogenesis will have profound implications for the pathogen-

esis and treatment of neurodegenerative and neuropsychiatric

disorders.
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the kynurenine pathways and the production of neurotoxic
tryptophan metabolites [43]. In rat fetal mesencephalic
NPCs, activation of phospho-p38 mitogen-activated protein
kinases (MAPK) reversed the negative effect of IL-1b on cell
proliferation [39]. In rat fetal HNPCs, IL-1b reduced prolif-
eration and apoptosis via phosphorylation of the stress-
activated protein kinase (SAPK)/c-Jun N-terminal kinase
(JNK). Indeed, SAPK/JNK inhibitor or IL-1ra reversed the
inhibition of cell proliferation and apoptosis [49]. IL-1b-
induced impaired proliferation in rat fetal HNPCs was
partly mediated by activation of the enzyme glycogen
synthase kinase-3b (GSK-3b) and subsequent reduction of
the protein orphan nuclear receptor tailless homolog (TLX)
expression [50]. In fact, GSK-3b inhibition ameliorated the
effects of IL-1b on TLX expression in both proliferating and
differentiating cells [50]. In human fetal HNPCs, the inhibi-
tory effects of IL-1b on neurogenesis were mediated, at least
in part, by activation of signal transducer and activator of
transcription 3 (STAT3) pathway [38].

IL-1b induced by lipopolysaccharide-activated human

monocyte-derived macrophages. To our knowledge,
one study examined the role of IL-1b induced by lipopoly-
saccharide (LPS)-activated human monocyte-derived
macrophages (MDM) using conditioned media (CM) experi-
ments. IL-1b from LPS-MCM stimulated human fetal
cortical NPCs proliferation, although pretreatment with
151
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IL-1ra did not block this effect. The culture also decreased
neurogenesis but enhanced astrogliogenesis [51]. Results
suggest a direct involvement of MCM, but not of IL-1b, in
cell proliferation. In fact, it is possible that MCM alone
induced the production of other factors, such as cyclin-
dependent kinases (CDKs) [51], which are well known to
regulate the NPC cycle and positively influence cell prolif-
eration [52].

IL-6

In most studies, IL-6 reduces (or does not affect) prolifera-
tion and gliogenesis, while increases neuronal differentia-
tion (Table 1B), although some of the molecular
mechanisms activated by IL-6 in the brain depend on
the type of brain cells and on cell age [53,54].

IL-6 promoted neurogenesis in rat adult DG NPCs but
did not cause any considerable modifications in astroglio-
genesis [55]. By contrast, IL-6 decreased neurogenesis and
increased apoptosis in rat adult DG NPCs, without affect-
ing proliferation and gliogenesis, and a blocking antibody
to IL-6 restored neurogenesis [56]. Indeed, IL-6 may inhib-
it neurogenesis by reducing soluble factors, such as the
protein sonic hedgehog (SHH), which is known to promote
neuronal differentiation [57,58]. Finally, IL-6 inhibited
neurogenesis also in mice adult DG NPCs; however, it
enhanced astrogliogenesis in this experimental setting
[54]; the different types of cell culture, particularly if from
rat or mouse, could account for these discrepant results on
astrogliogenesis [59].

In contrast to rat-IL-6, human-IL-6 increased neurogen-
esis but not gliogenesis in either human fetal STR NPCs or
in human fetal HNPCs [59]. Similarly, hyper-IL-6 (H-IL-6;
a fusion of IL-6 and the soluble IL-6-receptor, sIL-6R)
decreased cell proliferation and increased neurogenesis,
but did not have any effect on gliogenesis in mouse fetal
SVZ NSCs [53]. In addition, neutralising antibody for the
leukaemia inhibitory factor (LIF), one of the IL-6 family
cytokines, but not for IL-6, reduced astrogliogenesis in
human fetal cortical NPCs [60]. LIF also induced differen-
tiation of rat fetal mesencephalic NPCs into DA neurons
[37].

In terms of mechanisms, in mouse adult DG NPCs, IL-6
decreased neurogenesis via activation of cyclin-dependent
kinase inhibitor 1A (p21) [54], whereas H-IL-6 increased
neurogenesis in mouse fetal SVZ NSCs via activation of the
MAPK/cAMP response element-binding protein (CREB)
cascade [53].

Microglial-derived IL-6-family cytokines. To our knowl-
edge, one study examined the role of microglial-derived IL-
6, LIF, and the ciliary neurotrophic factor (CNTF) on cell
proliferation and differentiation, using CM experiments.
Microglial-derived IL-6 CM and LIF CM, but not CNTF
CM, promoted astrogliogenesis in rat fetal SVZ NPCs
[61]. Previous in vivo evidence suggests that both IL-6
and LIF induce gliogenesis via inhibition of neuronal
differentiation. Indeed, IL-6 and LIF receptor complex
are involved in the activation of the transcription factor
hairy-enhancer-of-split 1 (HES-1), which in turns negative-
ly regulates neurogenesis and induces gliogenesis
[62]. However, this hypothesis cannot be confirmed here
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because the authors did not investigate the neuronal fate of
the NPCs.

IL-4, IL-10, and IL-11

There are fewer studies on IL-4, IL-10, and IL-11, and not
all aspects of the neurogenic process have been examined
with all of them. However, some main findings have been
replicated in most studies: IL-4 reduces proliferation and
increases both neuronal and glial differentiation; IL-10 has
opposite effects, that is, increases (or does not affect)
proliferation and reduces (or does not affect) both neuronal
and glial differentiation; and IL-11 increases neuronal
differentiation (Table 1C). The different results reported
for IL-4 and IL-10 might depend on the different modalities
of cell treatment: cytokine-treated NPCs (with IL-10) or
cytokine-treated microglia (TM) (with IL-4 and Il-10), co-
incubated with NPCs [63]. However, in one study, IL-4-and
IL-10-TM had different effects on both proliferation and
differentiation [63], suggesting that not only the presence
of microglia per se, but also the type of microglia activator
(IL-4 or IL-10) influence cell fate in different ways [64].

IL-10 had no effect on both proliferation and oligoden-
drogenesis [65]. However, treatment with IL-10 in mouse
adult SVZ NPCs impaired neurogenesis [65]. In fact, ab-
sence of IL-10 in vivo induced neuronal differentiation of
SVZ NPCs and increased incorporation of new neurons in
the adult OB [65].

IL-11 promoted differentiation of rat fetal mesencephalic
NPCs into DA neurons [37]; however, there are no studies
using animal models, which prevents the complete under-
standing of the role of this cytokine for neurogenesis [66].

IL-4-and IL-10-TM. To our knowledge, two studies exam-
ined the role of IL-4-and IL-10-TM on cell generation.
Indeed, co-culture of mice adult SVZ NPCs with IL-4-
TM, but not with LPS-TM, induced neurogenesis and
oligodendrogenesis [67]. These results suggest that specific
stimuli (IL-4 or LPS) produce different types of activated
microglia, ultimately determining different cell fates. In
fact, here it is possible that quiescent microglia, residing in
the vicinity of the proliferating NPCs, become activated by
IL-4, but not by LPS to support neurogenesis, via putative
production of neurotrophic factors [68,69].

Co-culture of mouse fetal cortical NPCs with IL-4-or IL-
10-TM reduced or enhanced proliferation, respectively.
Furthermore, in contrast to IL-10-, IL-4-TM increased
neurogenesis and astrogliogenesis [63]. This again stresses
the importance of the type of inflammatory challenge (IL-4
or IL-10) in influencing microglia activation [64]. Most
importantly, co-culture with microglia only showed an
antiapoptotic effect, which was strengthened mainly by
IL-4-TM [63]. Therefore, it is possible that (IL-4-treated)
microglia were either antiapoptotic or prophagocytic,
which might in part explain the proneurogenic output [70].

IFN-a and IFN-g

In most studies, both IFN-a and IFN-g reduce prolifera-
tion, and IFN-g increases both neuronal and glial differ-
entiation (Table 1D). These results are relatively
consistent among the studies reviewed; however, in one
case, contradictory findings might be due to the use of cell
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cultures from specific brain regions, with distinct prolifer-
ating and differentiating properties [59].

IFN-a, a ligand of the complement receptor 2 (CR2),
impaired proliferation in mice adult DG NPCs. According-
ly, IFN-a treatment on mice lacking Cr2 (Cr2�/�) did not
affect proliferation [71]. In addition, combination treat-
ment with IFN-g +TNF-a caused no changes in neurogen-
esis in mice neonatal SVZ NPCs [72], suggesting that,
although IFN-g primarily shows proneurogenic properties,
TNF-a counterbalanced the effects of IFN-g by inhibiting
neurogenesis [73]. However, IFN-g+TNF-a enhanced
astrogliogenesis, cell migration, and apoptosis [72].

Human IFN-g or rat IFN-g enhanced neurogenesis, but
not gliogenesis in human fetal STR NPCs. By contrast,
when conducting the same experiment in human fetal
HNPCs, both treatments increased gliogenesis, but did
not alter neurogenesis [59]. These differences can partially
be explained by region-specific characteristics. In fact, the
hippocampus expresses higher levels of cytokines recep-
tors compared with the STR [74]. Here, human HNPCs had
a threefold higher level of IFN-g-r compared with human
STR NPCs [59], suggesting that the diverse receptor levels
affected the results. IFN-g also reduced proliferation and
enhanced apoptosis in rat fetal STR NPCs [75]. Likewise,
IFN-g impaired mouse fetal hypothalamic (HY) NPCs
proliferation, while it increased neurogenesis and astro-
gliogenesis. Of note, in one study, numerous cells co-
expressed beta-III tubulin (b-III-tubulin) and the glial
fibrillary acid protein (GFAP), but electrophysiological
results showed that cells were functionally distinct from
mature neurons as well as astrocytes, suggesting IFN-g as
a promoter of the dysregulated NPC-derived cellular phe-
notype [76]. Results were replicated, confirming a pheno-
typic dysregulation (b-III-tubulin-GFAP co-expression)
induced by IFN-g in rat fetal HYNPCs [77].

In the aforementioned studies examining phenotypic
dysregulation, genes, such as STAT1 and proteins, includ-
ing SHH, were upregulated by IFN-g [76,77]. Likewise,
previous experiments revealed that STAT1 and STAT2
signals are the major pathways for IFN-g-mediated func-
tions in vivo [78].

IFN-g-TM. To our knowledge, one study examined the
effect of IFN-g-TM on cell differentiation. Co-culture of
20 ng/ml IFN-g-TM with mouse adult SVZ NPCs induced
both neuronal and glia differentiation [67]. Indeed, previ-
ous data demonstrated that the effect of IFN-g in confer-
ring a neuroprotective phenotype on microglia is mainly
restricted to a low range of concentrations (1–50 ng/ml)
[68], which in part explains the positive results found here
upon IFN-g treatment [67].

TNF-a

In most studies, TNF-a increases proliferation and glio-
genesis, but reduces neurogenesis (Table 1E). Few studies
reported contradictory results, which might be due to the
use of diverse types of cell culture, particularly mouse [79]
or rat samples [80].

Treatment with TNF-a+INF-g had no effect on neuro-
genesis; however, it increased astrogliogenesis, cell migra-
tion, and apoptosis in mouse neonatal SVZ NPCs (see IFN-g
subsection) [72]. Conversely, TNF-a reduced neurogenesis
in rat adult DG NPCs [56] and promoted apoptosis in rat
adult SVZ NPCs [80]. TNF-a increased also proliferation,
but it did not affect neurogenesis and astrogliogenesis
[80]. By contrast, TNF-a increased neuronal differentiation
in mouse neonatal SVZ NPCs [79]. Likewise, a low dosage of
TNF-a (1 ng/ml mouse or human recombinant) increased
proliferation and neurogenesis in mouse neonatal SVZ
NPCs, whereas a higher dosage (10 and 100 ng/ml mouse
or human recombinant) induced apoptosis [81]. In addition
to dosage-related difference, the effects of TNF-a on neuro-
genesis also have species differences. Indeed, although
TNF-a exerts neuroprotective properties in rat hippocampal
neurons [82], it is toxic to mouse-derived neurospheres,
because it interferes with their formation [83].

Human TNF-a or rat TNF-a impaired neurogenesis in
both human fetal STR NPCs and HNPCs, whereas they
promoted gliogenesis and apoptosis [59]. Likewise, TNF-a
decreased neurogenesis but enhanced astrogliogenesis in
human fetal HNPCs [38] and in rat adult SVZ NPCs
[60]. TNF-a increased astrogliogenesis, but inhibited neu-
rogenesis also in human fetal cortical NPCs [51].

In mouse neonatal SVZ NPCs, activation of NF-kB
signalling increased TNF-a-induced neuronal differentia-
tion; in fact, treatment with an NF-kB-specific inhibitor
IkB kinase (IKKb)-V prevented this effect [79]. Conversely,
TNF-a reduced neurogenesis in human fetal HNPCs via
activation of STAT-3 pathway [38].

TNF-a induced by LPS-MDM. To our knowledge, one study
has examined the role of TNF-a induced by LPS-MDM on
cell generation, using CM experiments. The culture en-
hanced cell proliferation and astrogliogenesis, but de-
creased neurogenesis in human fetal cortical NPCs
[51]. Accordingly, pretreatment with TNF-a receptors R1
and R2 (TNF-R1R2) reduced the effect of TNF-a on prolif-
eration [51]. Although TNF-a involvement in modulating
cell proliferation was further confirmed by a dose-depen-
dent increase in S-phase (via Cyclin D1 detection) [51],
MCM may have also had a role in determining cell fate. In
fact, here TNF-a in MCM upregulated the transcription
factor HES-1, previously known for its antineurogenic
properties [62], suggesting that TNF-a in MCM directly
contributed to the impaired neuronal differentiation.

Factors regulating the effects of cytokines on
neurogenesis
This review highlights the important role of cytokines as
major regulators of cell proliferation and differentiation. In
summary: IL-1a promotes neurogenesis, whereas IL-1b

decreases proliferation and neurogenesis, and increases
gliogenesis; IL-4 decreases cell proliferation, while IL-10
has stimulating or no effects; IL-4 and IL-11 enhance
neurogenesis and/or gliogenesis, whereas IL-10 decreases
(or has no effect) on cell differentiation; IL-6, IFN-a, and
IFN-g all reduce (or have no effect) on proliferation, where-
as only IL-6 and IFN-g increase (or have no effect) on both
neuronal differentiation and gliogenesis; and, finally, TNF-
a increases proliferation and gliogenesis, but inhibits neu-
rogenesis. Overall, the evidence indicates that inflamma-
tory cytokines have both positive and negative regulatory
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roles in all processes integral to neurogenesis, including
NSC proliferation, fate specification, young neuron migra-
tion, and neuronal maturation. However, although we
have attempted to draw common conclusions from the
different studies, there are inevitably several methodolog-
ical issues that might have contributed to the many con-
trasting results.

First and foremost, the use of different types of cell
culture, particularly human or animal cells, is an important
aspect to be taken into consideration. Studies reviewed here
provided evidence for divergent responses between human
and animal cells after exposure to specific cytokines, includ-
ing IL-1b [37,39–42,49,50], IFN-g [67,76,77], and TNF-a
[72,79–81]. In fact, while these modulators induce a striking
dysregulation in neuronal formation in animals, they have
diverse effects in human NSCs [78,84]. One possible expla-
nation might be due to a qualitatively different activation of
molecular downstream signals in rat versus human cells
[85–87]. For example, IL-1b has an important role in acti-
vating TGF b, which has been considered one of the main
mediators of NPC proliferation [88]. In human cells, IL-1b

stimulates the production of TGF-b mainly in astrocytes
[89], whereas in rats, IL-1b enhances TGF-b formation
mainly in oligodendrocytes [89], suggesting specific molecu-
lar effects of IL-1b on different cell types [90]. Likewise,
treatment with IFN-g of murine NSCs, but not of human
NSCs, significantly upregulates SHH, which in turn has an
important role in influencing the pattern of the CNS during
embryonic growth, via expression of a unique combination of
transcription factors that leads to neuronal cell fate differ-
entiation [91]. TNF-a also has species-dependent effects.
Using a rat stroke model with TNF-a antibody, one study
reported a decrease in striatal and hippocampal neurons via
TNF-R1, proposing TNF-a as a promoter for survival of
newly generated neurons [92]; however, other evidence
demonstrates the involvement of TNF-a in the activation
of inflammatory mediators in human NPCs that are known
to contribute to the development of neurodegenerative dis-
orders, including chemokine C-X-C motif ligand 2 (CXCL2),
CXCL10, and CXCL12 [93,94]. Hence, cytokine-induced
specific signalling pathways, differently activated between
human and rodent models, may lead to qualitative differ-
ences in the development of cellular phenotypes [90]. Future
research is needed to clarify whether and how effects of
cytokines on neurogenesis are different in humans and
rodents, and whether this is due to the activation of diverse
molecular downstream signals. Indeed, new in vivo data,
comparing animal and human samples, will allow for a
better understanding and a more accurate interpretation
of the in vitro findings (Box 2).

Contradictory results might also be due to the use of cell
cultures derived from diverse brain regions, with specific
proliferating and differentiating properties [95]. Studies
reviewed here showed divergent reactions in distinct brain
cells after exposure to the same cytokines, regardless of
whether they assessed adult or fetal developmental neu-
rogenesis. For example, there is evidence that IL-1b

induces a reduction in cell proliferation and neurogenesis
in the SGZ [87], causing a shift in cell lineage from neuro-
nal to astroglial [96]; and that it has the same effect on
proliferating cells in the SVZ, but in this case it prevents
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lineage progression, leaving NSCs undifferentiated
[96]. Treatment of cultured astrocytes with H-IL-6 induces
region-specific morphological changes of astrocytes from
typical stellate-to fibrous-like cells only in cortex-and hip-
pocampus-derived astroglia, while astrocytes derived from
other brain regions, such as STR or cerebellum, fail to
respond to H-IL-6 [97]. TNF-a has pro- and antiprolifera-
tive and neurogenic properties in SVZ cells and meningeal
cells, respectively [73]. Again, future studies should clarify
the influence of distinct cytokines on specific cell types,
derived from diverse brain regions, and the molecular
mechanisms underlying these specific responses.

Finally, contrasting findings might also be attributed to
the variability in the expression of distinct molecular
markers in different experimental settings. While most
studies labelled proliferating cells using bromodeoxyuri-
dine (BrdU) [98], this simple procedure has several dis-
advantages. For example, high or nonsaturating doses of
BrdU might be toxic, and can cause inconsistent or partial
labelling of proliferating cells [99]. Furthermore, specific
treatments, for example with glucocorticoids, might also
influence the bioavailability of BrdU [100]. Doublecortin
(DCX) is a reliable marker to identify neuronal differenti-
ation [98], because it does not require in vivo labelling of
proliferating cells [100]. DCX is widely expressed in brain
cells, including in morphologically differentiated neurons,
such as the neurons in the cortex, STR, and corpus callo-
sum [101]. However, DCX also has disadvantages because
it cannot provide accurate information about long-term
survival of newly generated neurons (i.e., beyond 30 days)
[102]. DCX is highly expressed during the initial phase of
cell differentiation (when neuroblasts are formed), reaches
its peak during the second week, and starts to downregu-
late before neuronal maturation [98]. In fact, there is
evidence that cells in adult neurogenic regions lose their
ability to express DCX, and instead markers for mature
glia (GFAP) and neurons (b-III-tubulin) are detected
[100]. Indeed, GFAP is used for labelling mature astrocytes
[100], and is expressed in distinct subpopulation of cells
that have similar multipotent properties as those found in
NSCs [103]. However, GFAP is sometimes associated with
unusual b-III-tubulin co-expression, even if cells are func-
tionally different from astrocytes as well as neurons, rais-
ing concerns about its validity and reliability as the main
marker of gliogenesis [104]. There are also still many
uncertainties on the role of b-III-tubulin as an effective
marker for neurogenesis [104]: although detection of b-III-
tubulin in differentiated NSCs is usually interpreted as
enhanced neurogenesis [105], sometimes neurons expres-
sing this marker appear to be dysregulated in terms of
functional and molecular properties [104]. Hence, the de-
bate on the validity and the efficacy of such molecular
markers is still open. Future studies should identify new
cell markers that could track accurately the different
stages of neurogenesis, starting from the early stage of
neuronal determination, and ending as differentiating
neurons reach maturation [100].

Concluding remarks
Despite the limitations of the available literature, to our
knowledge this is the first review summarising the role of
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inflammatory cytokines on cell proliferation and differen-
tiation, discussing in vitro human and animal studies.
Overall, our findings confirm and extend evidence for
inflammatory cytokines to have both positive and negative
regulatory roles in all processes integral to neurogenesis,
including NSC proliferation, fate specification, young neu-
ron migration, and neuronal maturation, and thus in
monitoring the normal functioning of the brain. Hence,
this strengthens the notion that inflammation, particular-
ly neuroinflammation, is relevant for the pathogenesis of
neuropsychiatric and behavioural disorders, including
neurodegenerative diseases and depression. We would
further argue that the molecular mechanisms by which
cytokines affect neurogenesis should be considered as
therapeutic targets for these disorders. However, these
molecular mechanisms are likely to be species specific
and even brain area specific and, therefore, dissecting such
mechanisms remains an important and clinically signifi-
cant challenge.

Financial disclosures
The authors have obtained research funding from compa-
nies interested in the role of inflammation in neuropsychi-
atric disorders, such as Janssen, but the results described
in this paper are unrelated to this funding.

Acknowledgements
The authors have received research funding from: the National Institute
for Health Research Mental Health Biomedical Research Centre at South
London and Maudsley NHS Foundation Trust and King’s College London
(C.M.P. and P.A.Z.); Janssen Pharmaceutical NV/Janssen Pharmaceu-
tical Companies of Jonhson&Jonhson (A.B., P.A.Z., S.T., and C.M.P.); the
Medical Research Council (UK) MR/J002739/1 (A.B., P.A.Z., and C.M.P.);
the Psychiatry Research Trust, UK, The Welton Foundation, The
Alzheimer’s Society, and the MRC (S.T.).

References
1 Imayoshi, I. et al. (2009) Continuous neurogenesis in the adult brain.

Dev. Growth Differ. 51, 379–386
2 Molofsky, A.V. et al. (2006) Increasing p16INK4a expression

decreases forebrain progenitors and neurogenesis during ageing.
Nature 443, 448–452

3 Zhao, C. et al. (2008) Mechanisms and functional implications of adult
neurogenesis. Cell 132, 645–660

4 Spalding, K.L. et al. (2013) Dynamics of hippocampal neurogenesis in
adult humans. Cell 153, 1219–1227

5 Deng, W. et al. (2010) New neurons and new memories: how does adult
hippocampal neurogenesis affect learning and memory? Nat. Rev.
Neurosci. 11, 339–350

6 Ernst, A. et al. (2014) Neurogenesis in the striatum of the adult human
brain. Cell 156, 1072–1083

7 Honda, T. et al. (2003) Cellular and molecular mechanisms of
neuronal migration in neocortical development. Semin. Cell Dev.
Biol. 14, 169–174

8 Anacker, C. and Pariante, C.M. (2012) Stress and neurogenesis can
adult neurogenesis buffer stress responses and depressive behaviour?
Mol. Psychiatry 17, 9–10

9 Shigemoto-Mogami, Y. et al. (2014) Microglia enhance neurogenesis
and oligodendrogenesis in the early postnatal subventricular zone. J.
Neurosci. 34, 2231–2243

10 Das, S. and Basu, A. (2008) Inflammation: a new candidate in
modulating adult neurogenesis. J. Neurosci. Res. 86, 1199–1208

11 Basu, A. et al. (2005) Interleukin-1 and the interleukin-1 type
1 receptor are essential for the progressive neurodegeneration that
ensues subsequent to a mild hypoxic/ischemic injury. J. Cereb. Blood
Flow Metab. 25, 17–29

12 Dinarello, C.A. (2000) Proinflammatory cytokines. Chest 118, 503–508
13 Brocker, C. et al. (2010) Evolutionary divergence and functions of the
human interleukin (IL) gene family. Hum. Genomics 5, 30–55

14 Fensterl, V. and Sen, G.C. (2009) Interferons and viral infections.
Biofactors 35, 14–20

15 Sun, M. and Fink, P.J. (2007) A new class of reverse signaling
costimulators belongs to the TNF family. J. Immunol. 179, 4307–4312

16 Pan, W. and Kastin, A.J. (2001) Upregulation of the transport system
for TNFalpha at the blood-brain barrier. Arch. Physiol. Biochem. 109,
350–353

17 Dantzer, R. et al. (2008) From inflammation to sickness and
depression: when the immune system subjugates the brain. Nat.
Rev. Neurosci. 9, 46–57

18 McAfoose, J. and Baune, B.T. (2009) Evidence for a cytokine model of
cognitive function. Neurosci. Biobehav. Rev. 33, 355–366

19 Wilson, C.J. et al. (2002) Cytokines and cognition: the case for a head-
to-toe inflammatory paradigm. J. Am. Geriatr. Soc. 50, 2041–2056

20 Alboni, S. et al. (2014) Interleukin 18 activates MAPKs and STAT3
but not NF-kappaB in hippocampal HT–22 cells. Brain Behav.
Immun. 40, 85–94

21 Makhija, K. and Karunakaran, S. (2013) The role of inflammatory
cytokines on the aetiopathogenesis of depression. Aust. N. Z. J.
Psychiatry 47, 828–839

22 Fuster-Matanzo, A. et al. (2013) Role of neuroinflammation in adult
neurogenesis and Alzheimer disease: therapeutic approaches.
Mediators Inflamm. 2013, 260925

23 Zunszain, P.A. et al. (2013) Inflammation and depression. Curr. Top.
Behav. Neurosci. 14, 135–151

24 Nuzzo, D. et al. (2013) Inflammatory mediators as biomarkers in brain
disorders. Inflammation 37, 639–648

25 Monson, N.L. et al. (2014) Elevated CNS inflammation in patients
with preclinical Alzheimer’s disease. J. Cereb. Blood Flow Metab. 34,
30–33

26 Boldrini, M. et al. (2009) Antidepressants increase neural progenitor
cells in the human hippocampus. Neuropsychopharmacology 34,
2376–2389

27 Dowlati, Y. et al. (2010) A meta-analysis of cytokines in major
depression. Biol. Psychiatry 67, 446–457

28 Krieglstein, K. et al. (2011) More than being protective: functional
roles for TGF-beta/activin signaling pathways at central synapses.
Trends Neurosci. 34, 421–429

29 Pickering, M. and O’Connor, J.J. (2007) Pro-inflammatory cytokines
and their effects in the dentate gyrus. Prog. Brain Res. 163, 339–354

30 Pisanu, A. et al. (2014) Dynamic changes in pro-and anti-
inflammatory cytokines in microglia after PPAR-gamma agonist
neuroprotective treatment in the MPTPp mouse model of
progressive Parkinson’s disease. Neurobiol. Dis. 71C, 280–291

31 Griffin, W.S.T. (2011) What causes Alzheimer’s. Scientist 25, 36–40
32 Taupin, P. (2006) The therapeutic potential of adult neural stem cells.

Curr. Opin. Mol. Ther. 8, 225–231
33 Griffin, W.S. et al. (1995) Interleukin-1 expression in different plaque

types in Alzheimer’s disease: significance in plaque evolution. J.
Neuropathol. Exp. Neurol. 54, 276–281

34 Mrak, R.E. and Griffin, W.S. (2001) Interleukin-1,
neuroinflammation, and Alzheimer’s disease. Neurobiol. Aging 22,
903–908

35 Munoz, A. et al. (2014) Angiotensin type 1 receptor blockage reduces l-
dopa-induced dyskinesia in the 6-OHDA model of Parkinson’s disease.
Involvement of vascular endothelial growth factor and interleukin-
1beta. Exp. Neurol. 261C, 720–732

36 Boehme, M. et al. (2014) Impact of indomethacin on
neuroinflammation and hippocampal neurogenesis in aged mice.
Neurosci. Lett. 572, 7–12

37 Ling, Z.D. et al. (1998) Differentiation of mesencephalic progenitor cells
into dopaminergic neurons by cytokines. Exp. Neurol. 149, 411–423

38 Chen, E. et al. (2013) A novel role of the STAT3 pathway in brain
inflammation-induced human neural progenitor cell differentiation.
Curr. Mol. Med. 13, 1474–1484

39 Crampton, S.J. et al. (2012) Exposure of foetal neural progenitor cells
to IL-1beta impairs their proliferation and alters their differentiation
-a role for maternal inflammation? J. Neurochem. 120, 964–973

40 Ryan, S.M. et al. (2013) Negative regulation of TLX by IL-1 beta
correlates with an inhibition of adult hippocampal neural precursor
cell proliferation. Brain Behav. Immun. 33, 7–13
155

http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0005
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0005
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0010
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0010
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0010
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0015
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0015
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0020
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0020
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0025
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0025
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0025
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0030
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0030
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0035
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0035
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0035
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0040
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0040
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0040
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0045
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0045
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0045
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0050
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0050
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0055
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0055
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0055
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0055
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0060
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0065
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0065
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0070
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0070
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0075
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0075
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0080
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0080
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0080
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0085
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0085
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0085
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0090
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0090
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0095
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0095
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0100
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0100
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0100
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0105
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0105
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0105
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0110
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0110
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0110
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0115
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0115
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0120
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0120
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0125
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0125
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0125
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0130
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0130
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0130
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0135
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0135
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0140
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0140
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0140
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0145
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0145
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0150
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0150
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0150
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0150
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0155
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0160
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0160
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0165
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0165
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0165
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0170
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0170
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0170
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0175
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0175
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0175
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0175
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0180
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0180
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0180
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0185
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0185
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0190
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0190
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0190
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0195
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0195
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0195
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0200
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0200
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0200


Review Trends in Neurosciences March 2015, Vol. 38, No. 3
41 Zhang, K. et al. (2013) Interleukin-1beta inhibits the differentiation of
hippocampal neural precursor cells into serotonergic neurons. Brain
Res. 1490, 193–201

42 Koo, J.W. and Duman, R.S. (2008) IL-1beta is an essential mediator of
the antineurogenic and anhedonic effects of stress. Proc. Natl. Acad.
Sci. U.S.A. 105, 751–756

43 Zunszain, P.A. et al. (2011) Interleukin-1beta: a new regulator of the
kynurenine pathway affecting human hippocampal neurogenesis.
Neuropsychopharmacology 37, 939–949

44 Hebert, G. et al. (2005) Cellular distribution of interleukin-1 alpha-
immunoreactivity after MPTP intoxication in mice. Mol. Brain Res.
138, 156–163

45 Wang, J. et al. (1994) Intrastriatal implantation of interleukin-1.
Reduction of parkinsonism in rats by enhancing neuronal
sprouting from residual dopaminergic neurons in the ventral
tegmental area of the midbrain. J. Neurosurg. 80, 484–490

46 Seguin, J.A. et al. (2009) Proinflammatory cytokines differentially
influence adult hippocampal cell proliferation depending upon the
route and chronicity of administration. Neuropsychiatr. Dis. Treat. 5,
5–14

47 McPherson, C.A. et al. (2011) Interleukin (IL)-1 and IL-6 regulation of
neural progenitor cell proliferation with hippocampal injury:
differential regulatory pathways in the subgranular zone (SGZ) of
the adolescent and mature mouse brain. Brain Behav. Immun. 25,
850–862

48 Anacker, C. et al. (2011) Antidepressants increase human
hippocampal neurogenesis by activating the glucocorticoid receptor.
Mol. Psychiatry 16, 738–750

49 Wang, X. et al. (2007) Interleukin-1beta mediates proliferation and
differentiation of multipotent neural precursor cells through the
activation of SAPK/JNK pathway. Mol. Cell. Neurosci. 36, 343–354

50 Green, H.F. and Nolan, Y.M. (2012) Unlocking mechanisms in
interleukin-1beta-induced changes in hippocampal neurogenesis: a
role for GSK-3beta and TLX. Transl. Psychiatry 2, e194

51 Peng, H. et al. (2008) HIV-1-infected and/or immune-activated
macrophage-secreted TNF-alpha affects human fetal cortical
neural progenitor cell proliferation and differentiation. Glia 56,
903–916

52 Ferguson, K.L. et al. (2000) The Rb-CDK4/6 signaling pathway is
critical in neural precursor cell cycle regulation. J. Biol. Chem. 275,
33593–33600

53 Islam, O. et al. (2009) Interleukin-6 and neural stem cells: more than
gliogenesis. Mol. Biol. Cell 20, 188–199

54 Zonis, S. et al. (2013) p21(Cip) restrains hippocampal neurogenesis
and protects neuronal progenitors from apoptosis during acute
systemic inflammation. Hippocampus 23, 1383–1394

55 Oh, J. et al. (2010) Astrocyte-derived interleukin-6 promotes specific
neuronal differentiation of neural progenitor cells from adult
hippocampus. J. Neurosci. Res. 88, 2798–2809

56 Monje, M.L. et al. (2003) Inflammatory blockade restores adult
hippocampal neurogenesis. Science 302, 1760–1765

57 Martino, G. and Pluchino, S. (2006) The therapeutic potential of
neural stem cells. Nat. Rev. Neurosci. 7, 395–406

58 Anacker, C. et al. (2013) Glucocorticoid-related molecular signaling
pathways regulating hippocampal neurogenesis.
Neuropsychopharmacology 38, 872–883

59 Johansson, S. et al. (2008) Effect of inflammatory cytokines on major
histocompatibility complex expression and differentiation of human
neural stem/progenitor cells. Stem Cells 26, 2444–2454

60 Lan, X. et al. (2012) TNF-alpha affects human cortical neural
progenitor cell differentiation through the autocrine secretion of
leukemia inhibitory factor. PLoS ONE 7, e50783

61 Nakanishi, M. et al. (2007) Microglia-derived interleukin-6 and
leukaemia inhibitory factor promote astrocytic differentiation of
neural stem/progenitor cells. Eur. J. Neurosci. 25, 649–658

62 Nakamura, Y. et al. (2000) The bHLH gene hes1 as a repressor of the
neuronal commitment of CNS stem cells. J. Neurosci. 20, 283–293

63 Kiyota, T. et al. (2012) AAV serotype 2/1-mediated gene delivery of
anti-inflammatory interleukin-10 enhances neurogenesis and
cognitive function in APP+PS1 mice. Gene Ther. 19, 724–733

64 Schwartz, M. (2003) Macrophages and microglia in central nervous
system injury: are they helpful or harmful? J. Cereb. Blood Flow
Metab. 23, 385–394
156
65 Perez-Asensio, F.J. et al. (2013) Interleukin-10 regulates progenitor
differentiation and modulates neurogenesis in adult brain. J. Cell Sci.
126, 4208–4219

66 Guk, K.D. and Kuprash, D.V. (2011) [Interleukin-11, an IL-6 like
cytokine]. Mol. Biol. (Mosk) 45, 44–55

67 Butovsky, O. et al. (2006) Microglia activated by IL-4 or IFN-gamma
differentially induce neurogenesis and oligodendrogenesis from adult
stem/progenitor cells. Mol. Cell. Neurosci. 31, 149–160

68 Butovsky, O. et al. (2005) Activation of microglia by aggregated beta-
amyloid or lipopolysaccharide impairs MHC-II expression and
renders them cytotoxic whereas IFN-gamma and IL-4 render them
protective. Mol. Cell. Neurosci. 29, 381–393

69 Chao, C.C. et al. (1993) Neuroprotective role of IL-4 against activated
microglia. J. Immunol. 151, 1473–1481

70 Lim, S.H. et al. (2013) Neuronal synapse formation induced by
microglia and interleukin 10. PLoS ONE 8, e81218

71 Moriyama, M. et al. (2011) Complement receptor 2 is expressed in
neural progenitor cells and regulates adult hippocampal
neurogenesis. J. Neurosci. 31, 3981–3989

72 Belmadani, A. et al. (2006) Chemokines regulates the migration of
neural progenitors to sites of neuroinflammation. J. Neurosci. 26, 3182

73 Whitney, N.P. et al. (2009) Inflammation mediates varying effects in
neurogenesis: relevance to the pathogenesis of brain injury and
neurodegenerative disorders. J. Neurochem. 108, 1343–1359

74 Robertson, B. et al. (2000) Interferon-gamma-responsive neuronal
sites in the normal rat brain: Receptor protein distribution and cell
activation revealed by Fos induction. Brain Res. Bull. 52, 61–74

75 Makela, J. et al. (2010) Interferon–gamma produced by microglia and
the neuropeptide PACAP have opposite effects on the viability of
neural progenitor cells. PLoS ONE 5, e11091

76 Walter, J. et al. (2011) A new role for interferon gamma in neural
stem/precursor cell dysregulation. Mol. Neurodegener. 6, 18

77 Walter, J. et al. (2012) Interferon gamma and sonic hedgehog
signaling are required to dysregulate murine neural stem/
precursor cells. PLoS ONE 7, e43338

78 Schroder, K. et al. (2004) Interferon-gamma: an overview of signals,
mechanisms and functions. J. Leukoc. Biol. 75, 163–189

79 Zhang, Y. et al. (2012) Nuclear factor kappa B signaling initiates early
differentiation of neural stem cells. Stem Cells 30, 510–524

80 Widera, D. et al. (2006) Tumor necrosis factor alpha triggers
proliferation of adult neural stem cells via IKK/NF-kappa B
signaling. BMC Neurosci. 7, 64

81 Bernardino, L. et al. (2008) Tumor necrosis factor-alpha modulates
survival, proliferation, and neuronal differentiation in neonatal
subventricular zone cell cultures. Stem Cells 26, 2361–2371

82 Cheng, B. et al. (1994) Tumor necrosis factors protect neurons against
metabolic-excitotoxic insults and promote maintenance of calcium
homeostasis. Neuron 12, 139–153

83 Neumann, H. et al. (2002) Tumor necrosis factor inhibits neurite
outgrowth and branching of hippocampal neurons by a rho-
dependent mechanism. J. Neurosci. 22, 854–862

84 Garcia, A.D. et al. (2004) GFAP-expressing progenitors are the
principal source of constitutive neurogenesis in adult mouse
forebrain. Nat. Neurosci. 7, 1233–1241

85 Marodi, L. et al. (2001) Cytokine receptor signalling in neonatal
macrophages: defective STAT-1 phosphorylation in response to
stimulation with IFN-gamma. Clin. Exp. Immunol. 126, 456–460

86 Marodi, L. (2002) Deficient interferon-gamma receptor-mediated
signaling in neonatal macrophages. Acta Paediatr. Suppl. 91, 117–119

87 Goshen, I. et al. (2008) Brain interleukin-1 mediates chronic stress-
induced depression in mice via adrenocortical activation and
hippocampal neurogenesis suppression. Mol. Psychiatry 13, 717–728

88 Huang, S.S. and Huang, J.S. (2005) TGF-beta control of cell
proliferation. J. Cell. Biochem. 96, 447–462

89 da Cunha, A. et al. (1993) Glial cell-specific mechanisms of TGF-beta
1 induction by IL-1 in cerebral cortex. J. Neuroimmunol. 42, 71–75

90 Vitkovic, L. et al. (2000) ‘Inflammatory’ cytokines: neuromodulators in
normal brain? J. Neurochem. 74, 457–471

91 Lin, W. et al. (2004) Interferon-gamma induced medulloblastoma in
the developing cerebellum. J. Neurosci. 24, 10074–10083

92 Heldmann, U. et al. (2005) TNF-alpha antibody infusion impairs
survival of stroke-generated neuroblasts in adult rat brain. Exp.
Neurol. 196, 204–208

http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0205
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0205
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0205
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0210
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0210
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0210
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0215
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0215
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0215
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0220
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0220
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0220
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0225
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0225
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0225
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0225
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0230
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0230
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0230
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0230
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0235
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0235
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0235
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0235
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0235
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0240
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0240
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0240
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0245
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0245
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0245
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0250
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0250
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0250
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0255
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0255
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0255
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0255
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0260
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0260
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0260
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0265
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0265
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0270
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0270
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0270
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0275
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0275
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0275
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0280
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0280
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0285
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0285
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0290
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0290
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0290
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0295
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0295
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0295
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0300
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0300
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0300
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0305
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0305
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0305
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0310
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0310
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0315
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0315
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0315
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0320
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0320
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0320
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0325
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0325
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0325
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0330
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0330
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0335
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0335
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0335
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0340
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0340
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0340
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0340
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0345
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0345
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0350
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0350
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0355
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0355
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0355
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0360
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0360
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0365
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0365
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0365
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0370
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0370
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0370
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0375
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0375
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0375
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0380
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0380
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0385
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0385
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0385
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0390
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0390
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0395
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0395
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0400
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0400
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0400
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0405
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0405
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0405
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0410
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0410
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0410
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0415
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0415
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0415
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0420
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0420
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0420
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0425
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0425
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0425
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0430
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0430
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0435
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0435
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0435
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0440
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0440
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0445
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0445
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0450
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0450
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0455
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0455
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0460
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0460
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0460


Review Trends in Neurosciences March 2015, Vol. 38, No. 3
93 Pugazhenthi, S. et al. (2013) Induction of an inflammatory loop by
interleukin-1beta and tumor necrosis factor-alpha involves NF-kB
and STAT–1 in differentiated human neuroprogenitor cells. PLoS
ONE 8, e69585

94 Spittau, B. et al. (2012) IL6 protects MN9D cells and midbrain
dopaminergic neurons from MPP+-induced neurodegeneration.
Neuromolecular Med. 14, 317–327

95 Illes, S. et al. (2009) Niche-dependent development of functional
neuronal networks from embryonic stem cell-derived neural
populations. BMC Neurosci. 10, 93

96 Wu, J.P. et al. (2000) Tumor necrosis factor-alpha modulates the
proliferation of neural progenitors in the subventricular/ventricular
zone of adult rat brain. Neurosci. Lett. 292, 203–206

97 Marz, P. et al. (1999) Role of interleukin-6 and soluble IL-6 receptor in
region-specific induction of astrocytic differentiation and
neurotrophin expression. Glia 26, 191–200

98 Brown, J.P. et al. (2003) Transient expression of doublecortin during
adult neurogenesis. J. Comp. Neurol. 467, 1–10

99 Cooper-Kuhn, C.M. and Kuhn, H.G. (2002) Is it all DNA repair?
Methodological considerations for detecting neurogenesis in the
adult brain. Brain Res. Dev. Brain Res. 134, 13–21

100 Couillard-Despres, S. et al. (2005) Doublecortin expression levels in
adult brain reflect neurogenesis. Eur. J. Neurosci. 21, 1–14

101 Nacher, J. et al. (2001) Doublecortin expression in the adult rat
telencephalon. Eur. J. Neurosci. 14, 629–644

102 Biebl, M. et al. (2000) Analysis of neurogenesis and programmed cell
death reveals a self-renewing capacity in the adult rat brain.
Neurosci. Lett. 291, 17–20
103 Seri, B. et al. (2001) Astrocytes give rise to new neurons in the adult
mammalian hippocampus. J. Neurosci. 21, 7153–7160

104 Walton, N.M. et al. (2009) Gliotypic neural stem cells transiently
adopt tumorigenic properties during normal differentiation. Stem
Cells 27, 280–289

105 Baron, R. et al. (2008) IFN-gamma enhances neurogenesis in wild-
type mice and in a mouse model of Alzheimer’s disease. FASEB J. 22,
2843–2852

106 Gage, F.H. (2000) Mammalian neural stem cells. Science 287, 1433–
1438

107 Michalczyk, K. and Ziman, M. (2005) Nestin structure and predicted
function in cellular cytoskeletal organisation. Histol. Histopathol. 20,
665–671

108 Graham, V. et al. (2003) SOX2 functions to maintain neural
progenitor identity. Neuron 39, 749–765

109 Kempermann, G. et al. (2004) Functional significance of adult
neurogenesis. Curr. Opin. Neurobiol. 14, 186–191

110 Bani-Yaghoub, M. et al. (2006) Role of Sox2 in the development of the
mouse neocortex. Dev. Biol. 295, 52–66

111 Lehner, B. et al. (2011) The dark side of BrdU in neural stem cell
biology: detrimental effects on cell cycle, differentiation and survival.
Cell Tissue Res. 345, 313–328

112 Sofroniew, M.V. and Vinters, H.V. (2010) Astrocytes: biology and
pathology. Acta Neuropathol. 119, 7–35

113 Furlan, R. et al. (2001) Central nervous system gene therapy with
interleukin-4 inhibits progression of ongoing relapsing-remitting
autoimmune encephalomyelitis in Biozzi AB/H mice. Gene Ther. 8,
13–19
157

http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0465
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0465
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0465
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0465
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0470
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0470
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0470
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0480
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0480
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0480
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0485
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0485
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0485
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0490
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0490
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0490
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0495
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0495
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0575
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0575
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0575
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0505
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0505
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0510
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0510
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0515
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0515
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0515
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0520
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0520
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0525
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0525
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0525
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0530
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0530
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0530
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0535
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0535
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0540
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0540
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0540
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0545
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0545
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0550
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0550
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0555
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0555
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0560
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0560
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0560
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0565
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0565
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0570
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0570
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0570
http://refhub.elsevier.com/S0166-2236(14)00234-3/sbref0570

	The role of inflammatory cytokines as key modulators of neurogenesis
	Building, refining, and modulating neural circuits
	The role of inflammatory cytokines on brain function and neurogenesis
	The effects of cytokines on neurogenesis
	IL-1α and IL-1β
	IL-1β induced by lipopolysaccharide-activated human monocyte-derived macrophages

	IL-6
	Microglial-derived IL-6-family cytokines

	IL-4, IL-10, and IL-11
	IL-4-and IL-10-TM

	IFN-α and IFN-γ
	IFN-γ-TM

	TNF-α
	TNF-α induced by LPS-MDM


	Factors regulating the effects of cytokines on neurogenesis
	Concluding remarks
	Financial disclosures
	Acknowledgements
	References


