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Abstract

Brain inflammation is a complex cellular and molecular response to stress, injury or infection of the
central nervous system (CNS) in attempt to defend against insults, clear dead and damaged neurons
and return the CNS to a normal state. Inflammation in the CNS is driven by the activation of resident
microglia, astrocytes and infiltrating peripheral macrophages, which release a plethora of anti- and
pro-inflammatory cytokines, chemokines, neurotransmitters and reactive oxygen species. This
inflammatory state inadvertently causes further bystander damage to neurons and produces both
detrimental and favorable conditions for neurogenesis. Inflammatory factors have varying effects on
neural progenitor cell (NPC) proliferation, migration, differentiation, survival and incorporation of
newly born neurons into the CNS circuitry. The unique profile of inflammatory factors, which
depends on the severity of inflammation, can have varying consequences on neurogenesis.
Inflammatory factors released during mild acute inflammation usually stimulate neurogenesis; where
as the factors released by uncontrolled inflammation create an environment that is detrimental to
neurogenesis. This review will provide a summary of current progress in this emerging field and
examine the potential mechanisms through which inflammation affects neurogenesis during
neurological complications.
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Introduction

Neurogenesis is the process of creating new neurons from neural stem/progenitor cells (Gage
2000; Emsley et al. 2005). The generation of neurons occurs primarily during development,
but it is now accepted that neurogenesis occurs throughout adult life. In the adult mammalian
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central nervous system (CNS), neurogenesis occurs in two primary areas of the CNS. Neural
progenitor cells (NPCs) in the subgranular zone (SGZ) of the dentate gyrus (DG) generate
neurons in the hippocampus, and NPCs from the subventricular zone (SVZ) migrate along the
rostral migratory stream to generate neurons in the olfactory bulb (Ming and Song 2005). In
the healthy adult CNS, constitutive neurogenesis is involved in learning and memory as well
as neural turnover in the olfactory bulb.

Though deficits resulting from brain injury and neurodegenerative disorders are primarily due
to the damage and death of neurons, disruption of endogenous neurogenesis also contributes
to neurological deficits and hinders the recovery from insults to the CNS (Krathwohl and Kaiser
2004a, b; Kaul 2008; Peng et al. 2008a; Waldau and Shetty 2008). Brian injury and
neurodegenerative disorders are associated with acute and chronic brain inflammation. The
relationship between brain inflammation and the regulation of neurogenesis has been well
documented and remains the subject of intense investigation. Notably, recent collective
evidence indicates that neurogenesis is affected during brain injury and neurodegenerative
disorders by the dysregulation of cytokines, chemokines, neurotransmitters and reactive
oxygen species caused by inflammation and mediated by activated macrophages, microglia
and reactive astrocytes. This review provides an overview of recent progress on the research
of chemokines, cytokines, neurotransmitters and reactive oxygen species and their roles in the
regulation of neurogenesis during various pathological conditions, as well as the cells involved
in propagating CNS inflammation. Understanding the involvement of inflammation in the
pathogenesis of CNS diseases through changes in neurogenesis may potentially provide the
opportunity to identify particular therapeutic targets for the treatment of neurodegenerative
disorders and neuronal injury. This review utilized Pubmed literature searches to examine
recent reports on the influence of inflammation on neurogenesis.

Neurogenesis

Neurogenesis occurs primarily during development; however, the formation of new neurons
continues throughout life. Adult neurogenesis occurs primarily in the hippocampus from SGZ
NPCs and in the olfactory bulb from NPCs in the SVZ, but neurogenesis also occurs in other
areas throughout the CNS, albeit at lower levels (Taupin 2005). NPCs are found in many other
regions of the CNS, including the neocortex (Magavi et al. 2000), spinal cord (Yamamoto et
al. 2001; Yamamoto Si et al. 2001; Chen et al. 2004), tegmentum (Hermann et al. 2006),
substantia nigra (SN) (Zhao et al. 2003), amygdala (Bernier et al. 2002) and brainstem (St-
John 1998). The functions of these NPCs are unknown, but it has been speculated that they are
waiting for some stimulus to induce neurogenesis; what these stimuli are, or how they stimulate
is not yet understood. If these signals were elucidated, they could be used to induce
neurogenesis in non-neurogenic regions by stimulating local NPCs or recruiting NPCs from
neurogenic areas to other areas of the brain.

Multiple steps are involved in neurogenesis including proliferation, migration, differentiation,
survival and integration of the newly formed neurons into the circuitry of the CNS (Ming and
Song 2005). Neurogenesis is often defined as an enhancement of any of these steps; however,
true neurogenesis requires that NPCs properly proliferate, migrate, differentiate, integrate and
survive. In this review we will refer to increases in any of these steps as neurogenesis, even
though this might not equate to successful neurogenesis.

Inflammation in the CNS

Inflammation is a complex cellular and molecular response to stress, injury or infection that
attempts to defend against insults, to clear dead and damaged cells and to return the affected
area to a normal state. Inflammation in the brain, however, is different from that in peripheral
tissues in many ways such as initiation and sensitivity to inflammation. The brain is immune
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privileged due to its protection by the blood-brain barrier (BBB), which only allows certain
molecules and cells to enter and exit. Due to the selective permeability of this barrier, only T
cells, macrophages and dendritic cells can enter the CNS under normal physiological
conditions (Hickey 1999). Following damage or exposure to pathogen, an inflammatory
process is initiated by the activation of resident microglia and astrocytes as well as infiltrating
peripheral macrophages and lymphocytes. Activated microglia, astrocytes, macrophages and
lymphocytes release a plethora of anti- and pro-inflammatory cytokines (i.e. interferon gamma
(IFN-γ), tumor necrosis factor alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-18
(IL-18) and interleukin-6 (IL-6)), chemokines (i.e. stromal cell-derived factor-1 alpha
(SDF-1α) and monocyte chemoattractant protein-1 (MCP-1)), neurotransmitters (i.e.
glutamate) and reactive oxygen species (i.e. nitric oxide) (Table 1). These factors disrupt the
BBB and recruit monocytes and lymphocytes to cross through the BBB to the site of
inflammation (Hickey 1999; Lossinsky and Shivers 2004; Taupin 2008) in addition to
recruiting resident microglia and stimulating astrogliosis. These newly recruited cells become
activated and release more inflammatory factors, creating a positive feedback loop that results
in neuronal damage and changes in neurogenesis (Das and Basu 2008). This process
inadvertently causes further bystander damage to neurons and causes both detrimental and
positive consequences to neurogenesis.

In order to minimize this reciprocating cycle, reduce neuronal cell death and maintain the
vulnerable microenvironment in the CNS, uncontrolled activation is avoided by increasing the
threshold needed to initiate an immune response. Thus, the CNS requires higher levels of
antigen or damage compared to the levels in the periphery to induce an inflammatory response
(Matyszak 1998; Perry 1998). The severity of inflammation in the CNS varies from mild acute
to uncontrolled chronic inflammation, and the profile of inflammatory factors differs between
the two extremes, resulting in different affects on neurogenesis. This review will focus on the
affects of inflammation on neurogenesis during neurodegenerative disorders and the pro- or
anti-neurogenic roles of individual inflammatory factors.

Neurogenesis affected by neurodegenerative disorders

Ischemia

It is well established that inflammation plays a positive role in neurogenesis during ischemia.
Multiple models of ischemic-induced inflammation have demonstrated an increase in
neurogenesis (Liu et al. 1998; Takagi et al. 1999; Kee et al. 2001; Yagita et al. 2001; Zhang et
al. 2001; Iwai et al. 2002; Choi et al. 2003; Iwai et al. 2003; Bingham et al. 2005; Darsalia et
al. 2005; Tang et al. 2007). Transient global ischemia enhanced proliferation in the DG (Liu
et al. 1998; Takagi et al. 1999; Kee et al. 2001; Yagita et al. 2001; Iwai et al. 2002; Choi et al.
2003; Bingham et al. 2005; Darsalia et al. 2005) and SVZ (Zhang et al. 2001; Arvidsson et al.
2002; Iwai et al. 2003; Tang et al. 2007) as shown by an increase in number of
Bromodeoxyuridine (BrdU)-positive cells. BrdU-positive cells from the SGZ successfully
migrated to the granular cell layer (Liu et al. 1998; Kee et al. 2001; Yagita et al. 2001; Iwai et
al. 2002; Bingham et al. 2005) and cells from the SVZ migrated to the olfactory bulb, cortex
(Zhang et al. 2001; Iwai et al. 2003) and striatum (Arvidsson et al. 2002; Darsalia et al.
2005). Moreover, the majority of the proliferating cells differentiated into neurons, as
demonstrated by co-immunolabeling with BrdU and neuronal markers (Kee et al. 2001; Yagita
et al. 2001; Arvidsson et al. 2002; Iwai et al. 2002; Bingham et al. 2005). It was recently
demonstrated following ischemic damage in a rat model, new GABAergic and cholinergic
neurons were generated and successfully integrated into the ischemic-damaged striatum neural
circuitry, where these neurons form synapses with pre-existing neurons, fire action potentials
and display spontaneous postsynaptic currents (Hou et al. 2008). Notably, treatment of an
ischemic mouse model with the antidepressant flouxetine enhanced hippocampal neurogenesis
by promoting the survival of newborn neurons and more importantly improved spatial
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cognitive function (Li et al. 2008b). Collectively, these recent reports demonstrated following
ischemia newly born functional neurons can successfully incorporate into the CNS circuitry
and improve cognitive function, supporting the potential of pro-neurogenic drugs as a tool to
repair the damage caused by ischemia.

Status epilepticus

Electrically-induced status epilepticus results in neuronal loss, microglial activation and
chronic inflammation; however, neurogenesis is also induced and new neurons survived for a
substantial period of time (Bonde et al. 2006). Newly generated neurons labeled with BrdU
during the first two weeks after status epilepticus induction were found in the hippocampus up
to six months after status epilepticus (Bonde et al. 2006). There was a seven-fold increase in
the number of BrdU+ mature neurons without a change in the total number of mature neurons,
indicating that newborn neurons replaced dead granule cells (Bonde et al. 2006). One possible
mechanism for status epilepticus-induced proliferation is through CREB-regulated production
of insulin-like growth factor-1 (IGF-1) by activated microglia, which then activates the Erk
MAPK pathway, resulting in NPC proliferation (Choi et al. 2008). The efficacy of seizure-
induced neurogenesis depends on the severity of seizures (Iosif et al. 2008). Severe seizures
in adult rats caused higher levels of cell proliferation in the DG than mild seizures; however
less than 20% of new cells differentiated into neurons after severe seizures, whereas mild
seizures resulted in more than 60% of new cells that differentiated into neurons (Iosif et al.
2008). This decreased efficiency of neurogenesis from severe seizure may be due to the
production of factors such as the pro-inflammatory cytokine TNF-α, which inhibits
neurogenesis via the activation of the TNF-α receptor 1 (TNF-R1) (Iosif et al. 2008). Further
research into the specific inflammatory factors that enhance and inhibit neurogenesis could
provide effective drug targets for the treatment of disorders such as seizures.

Mechanical damage

Neurogenesis is also enhanced following mechanical damage (Parent 2003). Cortical aspiration
induced proliferation in the SVZ and increased the expression of the early neuronal marker
polysialated neural cell adhesion molecule (PSA-NCAM) (Szele and Chesselet 1996).
Traumatic brain injury stimulated proliferation in the DG, and newly generated neurons
survived 3–4 weeks post-injury in the granule cell layer as demonstrated by co-labeling with
BrdU or [3H]thymidine and the mature neuronal marker calbindin (Gould and Tanapat 1997;
Dash et al. 2001). Similarly, acute spinal cord injury in mice induced NPC proliferation,
migration, and differentiation to NeuN+ neurons (Ke et al. 2006). Data suggests astrocytes play
a major role in inflammation that causes secondary damage after spinal cord injury. Transgenic
expression of dominant negative inhibitor of κBα (IκBα) in astrocytes prevents activation of
nuclear factor (NF)-κB and reduces secondary inflammation-mediated damage following
spinal cord injury (Brambilla et al. 2005). Whether or not neurogenesis is changed in this model
was not investigated, but it indicates the key role of astrocytes in brain inflammation. The
inflammation-induced neurogenesis described above results from acute neurological disorders
or damage, but certain inflammatory diseases with chronic yet controlled inflammation also
stimulate neurogenesis.

Alzheimer’s disease

Alzheimer’s disease is a chronic inflammatory disease that has been shown to cause elevated
levels of neurogenesis. Early neuronal differentiation markers TUC-4, doublecortin (Dcx) and
PSA-NCAM were expressed at higher levels as compared to control in the hippocampus of
patients with Alzheimer’s disease (AD) and in a mouse model of AD (Jin et al. 2004a; Jin et
al. 2004b). Moreover, TUC-4 and Dcx were expressed in the GCL and CA1 region of Ammon’s
horn, suggesting that hippocampal neurogenesis was induced by AD (Jin et al. 2004b). In AD-
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like neurodegenerative mouse models, cell proliferation was induced in the DG at early stages
of disease onset (Chen et al. 2008; Gan et al. 2008). Newborn neurons migrated to the GCL
(Chen et al. 2008; Gan et al. 2008) and hilus region; however, the newly generated neurons
did not survive long term (Chen et al. 2008). Similarly, newborn neurons in the AD dentate
gyrus did not fully mature, even though neuroproliferation was increased (Li et al. 2008a). This
again emphasizes the fact that successful neurogenesis requires that newly born neurons are
functionally integrated into the CNS circuitry and survive, and that proliferation or neural
differentiation alone does not equate to an increase in successful neurogenesis.

It has been suggested that AD-induced neurogenesis may be partially due to AD-specific
proteins as opposed to general inflammation. Amyloid-beta (Aβ) peptides, which are
associated with the neurotoxicity of AD, have been linked to AD-induced neurogenesis in

vitro (Lopez-Toledano and Shelanski 2007) and in vivo (Gan et al. 2008). Moreover, soluble
amyloid precursor protein stimulates neuronal ERK signaling and is partially responsible for
the increase in neurogenesis (Rohe et al. 2008). Nevertheless, the exact role of inflammation
versus the AD-specific proteins remains to be further investigated.

Parkinson’s disease

Neurogenesis is increased in Parkinson’s disease as demonstrated by BrdU-positive
proliferating cells in the mouse SN, the site of cell death in Parkinson’s disease (Zhao et al.
2003). In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of
Parkinson’s disease NPCs successfully migrated to the SN, proliferated and differentiated into
dopaminergic neurons as shown by tyrosine hydroxylase staining (Shan et al. 2006). However,
another group demonstrated neurogenesis occurred in the striatum where dopaminergic
projections innervate as a result of MPTP treatment alone, but only occurred in the SN where
dopaminergic cell bodies are lost during Parkinson’s disease when MPTP mice were also
treated with fibroblast growth factor-2 (FGF-2) (Peng et al. 2008b). Moreover, MPTP-treated
Parkinsonian-like mice showed an increase of neurogenesis in the DG and SVZ; however, the
newborn neurons only survived for a short period of time (4–6 days) (Jackson-Lewis and
Przedborski 2007; Peng et al. 2008b). Suggesting chronic inflammation during Parkinson’s
disease enhances proliferation and differentiation of NPCs to neurons, but inflammation may
not provide an environment that is supportive of survival and/or incorporation of newly born
neurons. Even though chronic inflammation may induce the proliferation and differentiation
of NPCs, this does not equate to successful neurogenesis because the newly born neurons do
not survive. Thus, further research is needed to specifically identify the inflammatory factors
that promote neurogenesis as well as the factors that inhibit the survival and/or incorporation
of newly born neurons into CNS circuitry.

Huntington’s disease

Patients inflicted with Huntington’s disease (HD) and an animal HD model demonstrated
increased neurogenesis as compared to controls (Curtis et al. 2003; Tattersfield et al. 2004).
Increased proliferation was observed in the human subependymal layer of the caudate nucleus
(Curtis et al. 2005). Proliferating cell nuclear antigen (PCNA) staining showed that increased
cell proliferation in the SVZ correlated with the severity of HD as shown by the patient’s
pathological grade and number of CAG repeats in the HD gene (Curtis et al. 2003). The
PCNA+ cells differentiated into immature neurons and astrocytes (Curtis et al. 2003). In a
quinolinic acid lesion rat model of HD, BrdU-positive cell proliferation was increased in the
SVZ (Tattersfield et al. 2004). The proliferating cells differentiated into Dcx+ immature
neurons and the new neurons migrated to the lesion site in the striatum, where they matured
into MAP2+ and NeuN+ neurons (Tattersfield et al. 2004). In another quinolinic acid lesion
HD rat model, exogenous rat NPCs were transplanted into the lesioned striatum, where they
survived and differentiated into astrocytes and NeuN+ neurons (Vazey et al. 2006). More
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noteworthy, the HD rats injected with exogenous NPCs into the lesioned striatum demonstrated
enhanced motor performance as compared to sham-injected HD animals, suggesting that
neurogenesis resulted in functional neurons that successfully integrated into the CNS in this
model of inflammation (Vazey et al. 2006). Though it is known that neurogenesis is increased
during HD, the molecular mechanisms behind this increased neurogenesis under the influences
of HD are unknown. Recently it was reported that NPCs isolated from the SVZ of transgenic
mice expressing CAG repeats in Hdh, the mouse homolog to the human huntingtin protein,
had higher levels of neural differentiation compared to wild type. This suggests that mutant
huntingtin may directly enhance neurogenesis in addition to inflammation-induced
neurogenesis during HD (Lorincz and Zawistowski 2008).

Amyotrophic lateral sclerosis

Active neurogenesis occurs in the spinal cord of a mutant CuZn superoxide dismutase mouse
model of amyotrophic lateral sclerosis (ALS) (Chi et al. 2006; Chi et al. 2007; Corti et al.
2007). In this ALS mouse model, endogenous NPCs proliferate, vigorously migrate and
differentiate into mature neurons (Chi et al. 2006; Chi et al. 2007). This process may partially
compensate for the loss of motor neurons but is not enough to sustain their population. This
concept is supported by the transplantation of exogenous NPCs, which generates motor neuron-
like cells, protects endogenous motor neurons, delays disease onset and prolongs survival
(Corti et al. 2007).

HIV-1 associated dementia

HIV-1 associated dementia (HAD) is detrimental to neurogenesis. Fewer NPCs are thought to
be present in the brains of patients with HAD as compared to those without dementia
(Krathwohl and Kaiser 2004b). Injection of HIV-1-infected human macrophages into the basal
ganglia of mice inhibited hippocampal neurogenesis (Poluektova et al. 2005). The attenuation
of neurogenesis was shown by a decrease in PSA-NCAM+ and KI-67+ cells (Poluektova et al.
2005). Furthermore, our laboratory recently demonstrated NPC injected in conjunction with
HIV-infected monocyte-derived macrophages enhanced astrocyte differentiation and
decreased neuronal differentiation as compared to NPC injection alone; this effect is partially
due to the dysregulation of TNF-α production by activated and infected macrophages (Peng et
al. 2008a). In addition to the affects of HIV-mediated inflammation on neurogenesis, the HIV-
envelope glycoprotein gp120 inhibits proliferation of NPCs (Peng et al. 2003; Okamoto
2007). NPC proliferation is inhibited by arresting cell-cycle progression at the G1 phase
through activation of p38, MAPK-activated protein kinase 2 and Cdc25B/C (Okamoto 2007).
Interestingly, NPCs are permissive to latent HIV-1 infection (Lawrence et al. 2004; Schwartz
et al. 2007), but it is not yet known if or how this direct HIV-1 infection of NPCs influences
neurogenesis.

Neurogenesis is clearly positively and negatively affected by inflammatory neurodegenerative
disorders. In order to get a better understanding of the mechanisms for inflammatory-mediated
neurogenesis, we must examine the role of individual inflammatory factors.

Pro-regenerative role of inflammatory factors

Effects of IFN-γ on neurogenesis

Phenotypic changes in neurogenesis associated with inflammatory diseases are partially
through the regulation and production of cytokines. Several cytokines may influence
neurogenesis, for example, the inflammatory cytokine interferon gamma (IFN-γ) is pro-
neurogenic. IFN-γ promotes neural differentiation and neurite outgrowth of murine adult neural
stem cells (Wong et al. 2004) and the human neuroblastoma Paju cell line (Song et al. 2005).
This IFN-γ-induced neuronal differentiation may be through the JNK pathway as shown in the
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C17.2 neural stem cell line (Kim et al. 2007). Studies have shown the JNK pathway is required
for neural differentiation from embryonic stem cells (Amura et al. 2005), PC12 cells (Zentrich
et al. 2002) and P19 embryonal carcinoma cells (Wang et al. 2001). Though IFN-γ was shown
to stimulate neuronal differentiation (Wong et al. 2004; Song et al. 2005) and induce NPC
migration, it also inhibits NPC proliferation and survival of NPCs (Ben-Hur et al. 2003) calling
attention to the dualistic effect of IFN-γ on neurogenesis.

Chemokines enhance neurogenesis

Chemokines are a family of small, secreted proteins that have well-established roles in
leukocyte migration as well as influencing the migration, proliferation, differentiation and
survival of NPCs. Numerous chemokines are expressed in the CNS including stromal cell-
derived factor-1 alpha (SDF-1α, CXCL12), monocyte chemoattractant protein-1 (MCP-1 or
CCL2), MIP-1α (CCL3), RANTES (CCL5) and IP-10 (CXCL10). In addition, chemokine
receptors are widely expressed in NPCs, including CXCR4, CCR2, CCR5 and CX3CR1 (Ji et
al. 2004; Ni et al. 2004; Peng et al. 2004; Tran et al. 2004; Widera et al. 2004). Migration of
NPCs to the site of inflammation is a key step in neurogenesis during inflammatory disease;
thus, the release of chemokines plays a vital role in the recovery from inflammatory-induced
neuronal loss.

The SDF-1α receptors CXCR4 and newly identified CXCR7 are highly expressed on NPCs
(Ni et al. 2004; Peng et al. 2004; Tran et al. 2004)(Peng et al., unpublished observation). Not
only does SDF-1α induce the migration of NPCs, but SDF-1α also promotes survival of NPCs
(Molyneaux et al. 2003); contrasting reports demonstrated SDF-1α promotes quiescence
(Krathwohl and Kaiser 2004a) or proliferation of NPCs (Gong et al. 2006)(Wu et al,
unpublished observation). The exact receptor (CXCR4 versus CXCR7) and the signaling
pathways responsible for SDF-1α-induced proliferation are currently under intensive
investigation by our laboratory. During inflammation, local astrocytes produce SDF-1α,
recruiting NPCs to the site of inflammation (Imitola et al. 2004). Our laboratory demonstrated
during the inflammatory state of HAD, macrophages produce IL-1β (Peng et al. 2006), a
hallmark of brain inflammation (Rock et al. 2004), which induces the production of SDF-1α
by astrocytes (Peng et al. 2006). SDF-1α has been shown to induce the migration of NPCs in

vitro (Peng et al. 2004) and in vivo to areas of hypoxic-ischemia-induced inflammation via
CXCR4 signaling pathways (Imitola et al. 2004; Kelly et al. 2004). The release of SDF-1α
from sites of inflammation provides a signal for NPCs to migrate to the region of neuronal
damage.

The chemokine MCP-1 is also upregulated in response to inflammation and induces the
migration of NPCs. The pro-inflammatory factor TNFα increases the expression of MCP-1 in
U373 human glioblastoma cells (Schwamborn et al. 2003). The MCP-1 receptor CCR2 is
expressed by NPCs and MCP-1 recruits NPCs to the site of brain inflammation by binding to
CCR2, and inducing their migration (Widera et al. 2004). In addition to the ability of MCP-1
to recruit NPCs to the site of inflammation, MCP-1 protects neurons against inflammatory
damage caused by N-methyl-D-aspartate (NMDA)-mediated excitotoxicity and HIV-tat
toxicity (Eugenin et al. 2003). Whether MCP-1 plays a role in the survival of NPCs remains
to be determined.

Glutamate promotes neurogenesis

Cytokines and chemokines are not the only factors released in response to inflammation; for
example, excitatory neurotransmitters are also released and result in neuronal loss. Excitotoxic
neuronal death caused by increased extracellular glutamate is one consequence of brain
inflammation; on the other hand, glutamate has been shown to induce neurogenesis. NMDA
receptor activation induces neurogenesis and NMDA receptor blockade inhibits neurogenesis
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(Luk et al. 2003; Suzuki et al. 2006; Joo et al. 2007; Mochizuki et al. 2007). Although the
intracellular signaling pathway for NMDA receptor-mediated neurogenesis has not been fully
elucidated, it has been suggested that calcium entry via glutamate receptors leads to the
activation of ERK signaling and CREB phosphorylation (Suzuki et al. 2006), which has been
linked to neurogenesis (Zhu et al. 2006). Conversely, it has also been documented that NMDA
receptor activation decreases hippocampal cell proliferation and NMDA receptor blockade
increases hippocampal cell proliferation (Cameron et al. 1995; Gould and Tanapat 1997;
Nacher et al. 2003). These contrary results certainly require further careful investigation to
determine the exact role of NMDA receptor activation in neurogenesis. However, due to the
relatively low expression of NMDA receptors on NPCs, the role of other glutamate receptors
in the regulation of neurogenesis has recently become a topic of investigation.

Notably, glutamate-induced neurogenesis has also been linked to the activation of α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors, an ionotropic glutamate receptor
(Mackowiak et al. 2002; Bai et al. 2003; O'Neill et al. 2004). Our laboratory has recently
reported that human NPCs contain calcium-permeable AMPA receptors with Q/R-unedited
GluR2 subunits, due to the low expression of adenosine deaminase (ADAR2), the enzyme
responsible for Q/R editing (Whitney et al. 2008). Activation of these calcium-permeable
AMPA receptors directs the differentiation of NPCs to the neuronal lineage and increases
dendritic arborization. AMPA-induced differentiation of NPCs to neurons can be prevented
using an AMPA-specific antagonist, Joro spider toxin, and by overexpressing ADAR2, which
results in Q/R editing of the GluR2 subunits and the expression of calcium-impermeable
AMPA receptors (Whitney et al. 2008). This AMPA-induced neurogenesis may be a
compensatory mechanism to counteract the glutamate-induced death of neurons during
inflammatory neurological diseases.

Metabotropic glutamate (mGlu) receptors are important during development of the embryonic
brain (Di Giorgi Gerevini et al. 2004; Lujan et al. 2005) and found in neurogenic regions of
the adult brain. The mGlu5 and mGlu3 receptors seem to play a key role in neurogenesis. In
cultured neurospheres, mGlu5 and mGlu3 blockade decreases cell proliferation and survival;
moreover, there is an increase in cell proliferation upon activation of mGlu5 (Di Giorgi-
Gerevini et al. 2005). Similarly, the SVZ and DG regions of the adult mouse brain show a
decrease in proliferating NPCs when treated with antagonists to mGlu3 and mGlu5 (Di Giorgi-
Gerevini et al. 2005). Mouse knockouts for mGlu5 seem to develop normally, but have
impaired learning and also have a decrease in proliferating NPCs (Lu et al. 1997; Kinney et
al. 2003).

Many studies have demonstrated the positive role of inflammation on neurogenesis. However,
an increase in proliferation, migration or differentiation of NPCs resulting from inflammation
does not necessarily equate to an increase in neurogenesis. Neurogenesis also requires the
successful and proper integration of these newly formed neurons into the circuitry of the CNS
and their long-term survival. Thus many of the examples of neurogenesis stated above may
not represent fully successful and functional neurogenesis.

Inflammation suppresses neurogenesis

Inflammation is a complex process that both enhances and suppresses neurogenesis. In addition
to the varied effects of mild acute versus uncontrolled chronic inflammation on neurogenesis,
the discrepancies between the pro- and anti-neurogenic properties of inflammation may depend
on the means by which microglia, macrophages and/or astrocytes are activated and the duration
of inflammation. It has been suggested that microglia activated by inflammation inhibited
neurogenesis; however, microglia activated by IL-4, or a low level of IFN-γ associated with
T-helper cells, induced neurogenesis (Butovsky et al. 2006).
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Activated microglia are a hallmark and driving force of brain inflammation.
Lipopolysaccharide (LPS)-induced microglial activation strongly impairs basal hippocampal
neurogenesis (Ekdahl et al. 2003) partially through the production of TNF-α (Liu et al.
2005); the effects of TNF-α will be discussed later in the paper. LPS-induced inflammation
resulted in an 85% reduction of newborn neurons in the hippocampus; the degree of impaired
neurogenesis correlated with the number activated microglia (Ekdahl et al. 2003), thus,
indicating that uncontrolled inflammation is detrimental to neurogenesis. Suppression of
activated microglia by minocycline treatment resulted in increased numbers of new neurons
in the hippocampus, demonstrating the significance of activated microglia in the reduction of
neurogenesis by inflammation (Ekdahl et al. 2003). Further, anti-inflammatory treatment with
indomethacin restored neurogenesis that was diminished by irradiation-induced inflammation
(Monje et al. 2003) and focal cerebral ischemia (Hoehn et al. 2005). This microglial inhibition
of neurogenesis is mediated by activated, but not resting, microglia (Monje et al. 2003). The
negative effect on neurogenesis by activated microglia is due to the production of pro-
inflammatory cytokines, such as IL-1β, IL-6, TNF-α, as well as reactive oxygen species (Rock
et al. 2004). Table 2, provides a summary of the inflammatory factors and their effects on
neurogenesis.

Other cell types than microglia such as astrocytes play major roles in inflammation in the CNS.
Astrocytes constitute the majority of glial cells in the CNS, vastly outnumbering microglia,
monocytes and lymphocytes. Activated astrocytes release a plethora of inflammatory factors,
growth factors and regulate extracellular levels of excitatory amino acids, which have both
negative and positive effects on neurogenesis (Song et al. 2002; Blasko et al. 2004). Neuronal
differentiation of adult rat NPCs increased tenfold when co-cultured with astrocytes, and both
soluble and membrane-bound factors are responsible for this effect. In addition to directing the
differentiation of NPCs to neurons, astrocyte co-culture also induced a twofold increase in
NPC proliferation (Song et al. 2002). The role of astrocytes in brain inflammation and its
consequence on neuronal injury and neurogenesis during various CNS disorders has recently
been intensely studied and continues to be thoroughly investigated.

Effects and mechanisms of TNF-α on neurogenesis

TNF-α is a pleiotropic pro-inflammatory cytokine that has been extensively investigated during
neurodegenerative disorders. TNF-α is predominantly expressed by activated microglia, and
to a lesser extent, astrocytes and neurons (Meda et al. 1995; Bezzi and Volterra 2001; Perry et
al. 2002). TNF-α has been reported to have both pro-and anti-neurogenic properties, depending
on different models, methods, and cell-derived regions (Wu et al. 2000; Ben-Hur et al. 2003;
Iosif et al. 2006). Conditioned media from LPS-activated microglia and macrophages inhibited
neuronal differentiation via the production of TNF-α (Liu et al. 2005; Peng et al. 2008a).
Soluble TNF-α receptors and pentoxifylline, a TNF-α inhibitor, partially restored neuronal
differentiation, demonstrating TNF-α is partially responsible for the anti-neurogenic effect of
the LPS-conditioned media (Liu et al. 2005; Peng et al. 2008a). Furthermore, TNF-α promotes
the proliferation of NPCs and induces differentiation of NPCs to astrocytes (Fig. 1C, F, G)
(Wu et al. 2000; Peng et al. 2008a). However, others reported TNF-α inhibited proliferation
and had no effect on differentiation but induced NPC migration (Ben-Hur et al. 2003).
Moreover, treatment of a rat stroke model with anti-TNF-α antibody resulted in fewer new
hippocampal and striatal neurons, suggesting that TNF-α can promote the survival of new
neurons (Heldmann et al. 2005). However, TNF-α was shown to induce apoptosis of a post-
mitotic NPC line (Cacci et al. 2005). These variations in observed effects of TNF-α on
neurogenesis are likely due to differences in the models utilized. For example, conditioned
media from microglia treated with LPS for 24 h reduced NPC survival and prevented neural
differentiation, whereas media from 72 h LPS-treated microglia increased NPC survival and
induced neural differentiation (Cacci et al. 2008). Moreover, the effects of TNF-α depend on
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which of the two known receptors is activated. TNF-α receptor (TNF-R) knockout
demonstrated TNF-R1 activation reduced hippocampal neurogenesis in normal conditions and
after status epilepticus, but TNF-R2 activation increased status epilepticus-induced
neurogenesis (Iosif et al. 2006). These variations in the observed effects of TNF-α on NPCs
necessitate further research on the role of TNF-α and its receptors in neurogenesis.

TNF-α may inhibit neuronal differentiation through induction of neuronal cell death or by
shifting differentiation of NPCs to astrocytes. Most new hippocampal neurons in the dentate
gyrus die within weeks after epileptic insult through a caspase-mediated apoptotic mechanism
(Ekdahl et al. 2001). Anti-inflammatory treatment with minocycline significantly improved
the survival of these cells, demonstrating inflammation accompanying this brain insult is
detrimental to newborn hippocampal neurons (Ekdahl et al. 2003). Specifically, increased
production of TNF-α by microglia, which accompanies hippocampal inflammation (Vezzani
et al. 2002), could be one of the major causes for the death of newly generated neurons.
Furthermore, TNF-α released from microglia may be an important contributor to inflammation-
induced death of newly formed hippocampal NPCs in the adult brain after insult (Cacci et al.
2005). However, data collected in our laboratory demonstrated TNF-α did not induce
significant apoptosis of human NPCs or differentiated neurons and astrocytes (Peng et al.
2008a).

TNF-α-directed differentiation of NPCs to astrocytes may be through the regulation of basic
helix-loop-helix (bHLH) transcription factors (Peng et al. 2008a). Activator-type bHLH factors
such as Mash1 promote neural differentiation by forming a heterodimer with the ubiquitously
expressed bHLH factor E47 and activate gene expression by binding to the E box, promoting
the neuronal subtype specification. Whereas, Hes1 a repressor-type bHLH factor regulates
maintenance of the stem cell pool and promotes astrogliogenesis by directly binding to
promoters and repressing proneuronal genes such as Mash1, and by forming non-functional
heterodimers with E47, inhibiting formation of Mash1-E47 heterodimers. Treatment of NPCs
with TNF-α decreases Mash1 and increases Hes1 mRNA levels (Peng et al, unpublished
observations), which may direct the differentiation of NPCs to astrocytes (Peng et al. 2008a).
However, the exact mechanism through which TNF-α regulates these transcription factors and
the process of TNF-α-induced astrogliogenesis must be further investigated.

TNF-α modulates NPC proliferation and cell cycle progression via I kappa B kinase/nuclear
factor kappa B (IKK/NF-κB) signaling (Widera et al. 2006). TNF-α treatment of NPCs
activates IKK-β, which leads to activation of NF-κB, resulting in the upregulation of Cyclin
D1 (Widera et al. 2006). Cyclin D1 forms a complex with cyclin dependent kinase 4 (CDK4)
that is necessary for cell cycle progression by promoting passage through the G1/S restriction
point, thus promoting NPC proliferation (Ferguson et al. 2000; Widera et al. 2006). Our
laboratory has demonstrated that TNF-α increases the expression of Cyclin D1 and increases
the percentage of NPCs in the S-phase in a dose-dependant manner (Peng et al. 2008a).

Effects of IL-1β on neurogenesis

Proliferation of fetal rat NPCs was reduced by IL-1β in a dose-dependent manner, and this can
be partially prevented using an IL-1 receptor antagonist (IL-1ra); however, the apparent
inhibition of proliferation may be due to IL-1β-induced apoptosis of NPCs (Wang et al.
2007). IL-1β reduces proliferation and increases apoptosis of NPCs through the SAPK/JNK
pathway (Wang et al. 2007). Conversely, our laboratory demonstrated IL-1β increases the
proliferation of fetal human NPCs (Fig. 1 F), an effect that can be partially prevented with
IL-1ra, and inhibits neural differentiation (Fig. 1 B, D) (Peng et al. 2008a). However, in a model
of HAD, IL-1ra failed to prevent the increased proliferation of NPCs and reduced neurogenesis
caused by conditioned media from HIV-1-infected and/or LPS-activated macrophages (Peng
et al. 2008a). Similarly, a neutralizing antibody for IL-1β did not prevent the reduced
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neurogenesis caused by conditioned media from LPS-activated microglia (Liu et al. 2005).
Moreover, IL-1ra had no effect on NPC differentiation (Wang et al. 2007). These findings
support an earlier report that IL-1β had no significant effect on neurogenesis (Monje et al.
2003). The current data on IL-1β does not provide a concrete role of IL-1β in neurogenesis;
thus, further research in this area is needed.

IL-6 and IL-18

One mechanism through which activated microglia inhibit neurogenesis is the production of
the cytokine IL-6. Conditioned media from LPS-activated microglia decreased neuronal
differentiation by nearly 50%, but neuronal differentiation was almost completely restored by
an IL-6-blocking antibody (αIL-6) (Monje et al. 2003), indicating that IL-6 plays a major role
in the reduction of neurogenesis during inflammation. IL-6, released by activated microglia,
directs the differentiation of NPCs to astrocytes via the activation of the JAK/STAT and MAPK
pathways (Nakanishi et al. 2007). In further support of the anti-neurogenic role of IL-6, an
adult transgenic mouse model with chronic production of IL-6 by astrocytes demonstrated a
dramatic reduction in hippocampal neurogenesis. Chronic IL-6 production reduced the
proliferation, survival and differentiation of NPCs without having notable effects on neurons
or astrocytes (Vallieres et al. 2002).

The proinflammatory cytokine interleukin-18 (IL-18) is produced at high levels by activated
microglia (Conti et al. 1999). Treatment of NPCs with IL-18 reduced neural differentiation in
a dose- and time-dependent manner (Liu et al. 2005). Clearly, the exact role of IL-18 in the
regulation of neurogenesis requires further exploration.

Reactive oxygen and nitrogen species

Reactive oxygen and nitrogen species are significant factors in microglial-driven inflammation
(Rock et al. 2004). Of these reactive oxygen and nitrogen species, nitric oxide (NO) is the most
studied and understood. NPCs in the SVZ are anatomically in close proximity to NO-producing
cells (Matarredona et al. 2005). This is imperative for NO signaling because it is highly reactive
with a lifespan of only a few seconds. NO is associated with decreased neurogenesis as
demonstrated by decreased proliferation of NPCs isolated from the SVZ (Matarredona et al.
2004). Moreover, NO inhibition by Nω-nitro-L-arginine methylester (L-NAME) increased
NPC proliferation in the SVZ and DG (Romero-Grimaldi et al. 2006) and increased
proliferation and neuronal differentiation in vitro (Matarredona et al. 2004). This NO-induced
inhibition of proliferation may be linked to disruption of EGF receptor signaling. Increased
proliferation in the SVZ from inhibition of nitric oxide synthase (NOS) was restricted to cells
that expressed the EGF receptor (Romero-Grimaldi et al. 2006). Furthermore, NO-decreased
proliferation may be via impaired tyrosine kinase activity of EGF receptor-induced activation
of PI3-K/Akt pathway (Torroglosa et al. 2007). The induction of astrogliogenesis and inhibition
of neuronal differentiation by NO may be linked to the decreased expression of the proneuronal
gene neurogenin-2 (Covacu et al. 2006).

NO effects on neurogenesis are dependent on the developmental period and source of NO.
Inhibition of NO during a time-restricted window of the first three postnatal days increased
cerebellar proliferation in a rat model; however, NO inhibition at a later stage, three to seven
days postnatal, had no effect on proliferation (Ciani et al. 2006). Moreover, rats with NO
inhibition had greater numbers of BrdU-labeled neurons that survived up to 60 days as
compared to control (Ciani et al. 2006). Contrary to this report, another group observed NO
inhibition had no effect on cell proliferation in the SVZ and olfactory bulb of postnatal P1-P7
mice, but did enhance neurogenesis in the SVZ and olfactory bulb of adults (Romero-Grimaldi
et al. 2008).

Whitney et al. Page 11

J Neurochem. Author manuscript; available in PMC 2010 March 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



NO can be produced by multiple cell types and through multiple mechanisms, including
neuronal nitric oxide synthase (nNOS) and inducible nitric oxide synthase (iNOS). NO
produced by nNOS inhibits NPC neurogenesis (Packer et al. 2003; Moreno-Lopez et al.
2004; Zhu et al. 2006); whereas, NO from iNOS stimulates neurogenesis (Zhu et al. 2003).
Proliferation was increased in the mouse DG by nNOS inhibition (Zhu et al. 2006) and in an
nNOS−/− knockout mouse model (Zhu et al. 2006; Fritzen et al. 2007). Furthermore, survival
of newly formed neurons was increased in nNOS−/− knockout mice as compared to the wild
type (Fritzen et al. 2007). Transient ischemia results in an increase of iNOS immunoreactive
interneurons and a decrease of nNOS in the hippocampus (Luo et al. 2007; Corsani et al.
2008). Ischemia-induced cell proliferation in the DG was increased by nNOS inhibition and
in nNOS−/− knockout mice (Luo et al. 2007). Further, nNOS inhibition reduced ischemic injury
and up-regulated iNOS expression in the ischemic hippocampus (Luo et al. 2007). CREB
phosphorylation also varies according to which enzyme is used to create NO, increasing after
inhibition of nNOS and decreasing following iNOS inhibition (Luo et al. 2007). nNOS
inhibition had no effect on iNOS−/− knockout mice, suggesting ischemia induced hippocampal
neurogenesis via decreased nNOS and an up-regulation of iNOS and CREB phosphorylation
(Luo et al. 2007; Corsani et al. 2008). Depression induced by chronic mild stress in mice
resulted in increased hippocampal nNOS expression and behavioral changes indicative of
depression. nNOS−/− knockout and nNOS inhibition prevented depression and nNOS-impaired
neurogenesis. Furthermore, disrupting hippocampal neurogenesis by 3’-azido-
deoxythymidine (AZT) prevented the antidepressant effect of nNOS inhibition (Zhou et al.
2007). NO produced by nNOS in SVZ and olfactory bulb under normal physiological
conditions inhibits NPC proliferation, possibly regulating the size of the precursor pool, and
promotes neuronal differentiation as demonstrated by the delay in neuronal differentiation
associated with NOS inhibition (Moreno-Lopez et al. 2004). Whereas, under inflammatory
conditions a decrease in nNOS and an increase in iNOS may act as a mechanism to induce
neurogenesis and function as a recovery mechanism to counteract the neuronal loss resulting
from inflammation.

Chemokines may inhibit neurogenesis

Chemokines promote neurogenesis by recruiting NPCs to sites of inflammation and neural
damage. However, chemokines also promote the progression of inflammation by recruiting
resident microglia and peripheral macrophages to the sites of brain inflammation, resulting in
further neural damage and death of neurons. These additional microglia and macrophages
become activated and enhance the chronic inflammatory response, creating a positive feedback
loop that results in uncontrolled chronic inflammation. Preventing these chemoattractant
signals by chemokine receptor blockade (Ubogu et al. 2006) or anti-chemokine antibodies
(Castellani et al. 2007) is a novel therapeutic approach for brain inflammation treatment.

Post-transcriptional modification of SDF-1 can eliminate its pro-neurogenic properties and
possibly result in a highly neurotoxic byproduct. During HAD, HIV-1-infected macrophages
secrete matrix metalloproteinase-2 (MMP-2), which cleaves the N-terminus of SDF-1, creating
a cleaved form of SDF-1, SDF-1(5–67) (Zhang et al. 2003). This SDF-1 fragment no longer
binds to CXCR4, thus losing its chemoattractant properties, and it is neurotoxic at high levels
(Vergote et al. 2006), attenuating its positive role in neurogenesis.

Future therapeutic strategies

Two therapeutic strategies exist to enhance neurogenesis; NPCs can be transplanted or
endogenous NPCs can be stimulated to proliferate, migrate and differentiate. A full
understanding of the mechanisms which influence neurogenesis during inflammation may lead
to the development of drugs that can induce neurogenesis from endogenous NPCs. The use of
drugs that specifically block anti-neurogenic inflammatory factors such as TNF-α, IL-6 and
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IL-18, without preventing the pro-neurogenic role of inflammation could potentially increase
levels of endogenous neurogenesis.

Exogenous NPCs for transplantation can be isolated from elective aborted fetuses or derived
from embryonic stem/germ cell lines; however, these strategies face many ethical and host-
versus-donor rejection issues. Recent studies have transdifferentiated stem cells from non-
neural tissue including skin (Shih et al. 2005; Fernandes et al. 2006; Hunt et al. 2008), bone
marrow (Somoza et al. 2008) and adipose tissue (Sago et al. 2008) to neural stem cells. These
non-neuronal stem cells can be obtained through minimally- or non-invasive surgery,
transdifferentiated into neuronal stem cells, amplified in culture and transplanted back into the
patient. Non-neuronal-derived NPCs could be transplanted directly into the brain or injected
intravenously, resulting in a small fraction that will cross the blood brain barrier to repopulate
the damaged portion of the CNS (Fujiwara et al. 2004; Takeuchi et al. 2007; Guzman et al.
2008). Because individuals could use NPCs transdifferentiated from their own non-neuronal
stem cells to create new self-neurons, host-versus-donor rejection would not be an issue.

A recent breakthrough report demonstrated in vivo reprogramming of adult mouse pancreatic
exocrine cells into insulin-producing islet β-cells using adenoviral delivery of only three
transcription factors Ngn3, Pdx1 and Mafa (Zhou et al. 2008). Exocrine cells were
transdifferentiated into functional β-cells with gene and protein expression profiles similar to
endogenous β-cells and are structurally indistinguishable from endogenous β-cells without
entering a de-differentiated state (Zhou et al. 2008). This gives potential to the concept that
perhaps astrocytes could be transdifferentiated into neurons or oligodendrocytes. Astrocytes
are terminally differentiated proliferative cells that share the same immediate progenitor as
neurons and oligodendrocytes, suggesting the concept of astrocytes transdifferentiation may
be feasible. If the transcription factors and/or microRNAs responsible for neuronal or
oligodendrocyte differentiation were completely elucidated, it may be theoretically possible
to identify a combination of these factors that reprogram astrocytes into neurons or
oligodendrocytes. If this concept could reach fruition, it would provide a relatively limitless
source of new self-neurons or oligodendrocytes without rejection or delivery complications.
Moreover, if the cells are directly reprogrammed instead of entering a de-differentiated state,
the likelihood of these cells causing tumors is greatly reduced. It must be noted that the creation
of new neurons or oligodendrocytes is only half of the story. In order for the creation of new
neurons to result in successful neurogenesis, the new neurons must integrate into the CNS
circuitry, be functional and survive. Thus, we must not only focus research on the generation
of new neurons, but also investigate methods to enhance or ensure proper integration and
survival of new neurons.

Conclusions

A controlled acute inflammatory response is necessary to eliminate any pathogen or insult to
the CNS and clear away damaged and dead cells, returning the CNS to a normal state. Acute
inflammation also promotes neurogenesis to replace the damaged CNS. However, uncontrolled
chronic inflammation is detrimental to neurogenesis. Even if chronic inflammation stimulates
one or more process of neurogenesis, such as proliferation, migration or differentiation, the
chronic inflammatory environment does not allow for the survival of newborn neurons (Figure
2). More research is needed to identify methods to control chronic inflammation, identify drug
targets to enhance inflammation-induced neurogenesis and prevent the death of newborn
neurons and research must continue on regenerative stem cell therapies for neuronal
replacement.
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AD, Alzheimer’s disease
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FGF-2, fibroblast growth factor-2
HD, Huntington’s disease
PCNA, proliferating cell nuclear antigen
ALS, amyotrophic lateral sclerosis
IFN-γ, interferon gamma
SDF-1α, stromal cell-derived factor-1 alpha
MCP-1, monocyte chemoattractant protein-1
HAD, HIV-associated dementia
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ADAR2, adenosine deaminase acting on RNA 2
mGlu, metabotropic glutamate
LPS, Lipopolysaccharide
bHLH, basic helix-loop-helix
NF-κB, nuclear factor kappa B
CDK4, cyclin dependent kinase 4
IL-1ra, IL-1 receptor antagonist
αIL-6, IL-6 blocking antibody
IL-18, interleukin-18
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nNOS, neuronal nitric oxide synthase
iNOS, inducible nitric oxide
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Figure 1. IL-1β and TNF-α reduce neural differentiation and enhance proliferation of human NPCs

Human NPCs were cultured in neural basal medium supplemented with B27 alone (A), with
IL-1β (1 ng/mL) (B) or TNFα (10 ng/mL) (C). Cells were stained for Map-2 (green), GFAP
(red) and Hoechst (blue). Scale bar, 200 µm. The numbers of neurons were counted in ten
pictures per condition and expressed as percent neurons (D) or percent astrocytes (E) *P <
0.001 vs. control. (F, G) NPCs were treated with different concentrations of TNF-α (G) or
IL-1β (F) in X-vivo media with EGF for 6 days. Cell proliferation was measured by [3H]
thymidine incorporation assay. Data is presented as a percentage of control, as mean ± SD.
Results represent average of three donors.
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Figure 2. A proposed mechanism for the effects on neurogenesis by inflammation

During neuronal injury, neurons produce chemokines, which recruit macrophage and microglia
into the brain and to the site of injury. As these macrophage and microglia enter an environment
of injury or inflammation, they become activated, subsequently releasing factors that promote
neurogenesis. These factors include but are not limited to neurotrophins that may act directly
to enhance the survival and proliferation of NPCs, and cytokines that activate astrocytes. These
activated astrocytes then produce chemokines that promote the migration of NPCs to the site
of injury and release neurotrophins that promote neuronal survival. Once the NPCs receive
these migratory and neurotrophic signals, the NPCs can migrate, proliferate, and differentiate
into neuronal or astrocyte precursors, which then mature into neurons and astrocytes that may
integrate into the CNS circuitry. However, uncontrolled inflammation with chronically
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activated astrocytes have both pro- and anti-neurogenic effects and release factors that are
detrimental to the survival of newly born neurons.
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Table 1

Cytokine ligand and receptor expression in the CNS

Inflammatory Factor Receptors Inflammatory
Factor Expression

Cell Type

References

IFN-γ IFN-γ R T-cells Griffin 1997

IFN-α IFN-α R Macrophage Microgila Vezzani et al. 2002, Kast 2002, Peng et al. 2008

IL-1β IL-1β R Macrophage Microgila Peng et al. 2006, Peng et al. 2008, Zhao et al, 2001

IL-18 IL-18 R Macrophage Microgila Conti et al.1998

IL-6 IL-6 R Macrophage Microgila Monje et al. 2003, Nakanishi et al. 2007

SDF-1α CXCR4 CXCR7 Astrocytes Imitola et al. 2004, Peng et al. 2006

MCP-1 CCR2 Macrophage Microgila Astrocytes Conant et al. 1998, Cinque et al. 1998
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Table 2

Effects of inflammatory factors on neurogenesis

Inflammatory Factor Effects on
Proliferation of

NPCs

Effects on
Migration of

NPCs

Effects on Differentiation
of NPCs

Effects on
Neurite
Growth

Survival of
NPCs
and

Newly-
born

Neurons

References

IFN-γ ↓ ↑ ↑ Neural Differentiation ↑ ↓ Wong et al. 2004, Song et al. 2005, Kim
et al. 2007, Ben-Hur et al. 2003

IFN-α ↓ or ↑ ↑ ↑ Astrocyte Differentiation
↓ Neural Differentiation

(TNF-R1)
↑ Neural Differentiation

(TNF-R2)

↓ or ↑ Liu et al. 2005, Peng et al.2008a, Ben-
Hur et al.2003, Heldman et al. 2005,

Cacci et al. 2005, losif et al. 2006

IL-1β ↓ or ↑ ↓ Wang et al. 2007, Peng et al. 2008a

IL-18 ↓ Neural Differentiation Liu et al. 2005

IL-6 ↓ ↓ Neural Differentiation
↑ Astrocyte Differentiation

↓ Ekdahl et al.2003, Nakanishi et al.
2007, Valliers et al. 2002

SDF-1α ↓ or ↑ ↑ ↑ Krathwohl and Kaiser 2004, Peng et al.
2004, Imitola et al. 2004, Kelly et al.

2004, Molyneaux et al. 2003

MCP-1 ↑ ↑ Widera et al. 2004, Eugenin et al. 2003

Glutamate ↓ or ↑ ↑ Neural Differentiation ↑ Suzuki et al. 2006, Mochizuki et al.
2007, Joo et al.2007, Luk et al 2003,

Nacher et al. 2003, Gould and Cameron
1997, Cameraon et al. 1995, Bai et al.

2003, Whitney et al.2008

Nitric oxide ↓ (nNOS) or ↑
(iNOS)

↓ Neural Differentiation ↑
Astrocytes Differentiation

↓ Materredona et al. 2005, Romero-
Grimaldi et al.2006, Torraglosa et al.
2007, Covacu et al. 2006, Ciani et al.

2006, Moreno-Lopez et al. 2004,
Packer et al. 2003, Zhu et al. 2006, Zhu
et al. 2003, Fritzen et al. 2007, Luo et

al. 2007
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