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ABSTRACT
Adult spinal cord neurogenesis occurs at low, constant rate under normal conditions and can be
amplified by pathologic conditions such as injury or disease. The immature neurons produced
through adult neurogenesis have increased excitability and migrate preferentially to the superficial
dorsal horn layers responsible for nociceptive signaling. Under normal conditions, this process may
be responsible for maintaining a steady-state, but adaptable level of nociceptive sensitivity, thus
representing an experience-dependent mechanism of regulation similar to other neurogenic
niches. Under pathologic conditions, adult spinal cord neurogenesis is greatly amplified and may
therefore account for the observed changes in general spinal cord excitability and nociceptive
sensitivity. This mechanism also explains many types of chronic pain present in the absence of
injury or disease, which may be the result of impaired neuronal differentiation due to a variety of
genetic variations. This suggests the possibility of using promoters of neuronal differentiation for
the long-term treatment of the causes of chronic pain, unlike current medication which is palliative
and effective only for the duration of treatment. The presence of this spinal cord neurogenic niche
may also lead to new approaches in spinal cord regeneration.
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Introduction

Over the past half century, increasing evidence has
been uncovered of adult neurogenesis in the mamma-
lian central nervous system, under normal condi-
tions.1-9 Adult neural stem cells are generally thought
to be concentrated in 2 regions (“niches”) of the brain,
the subgranular zone (SGZ) of the dentate gyrus, in
the hippocampus, and the subventricular zone (SVZ)
of the lateral ventricles, which sends neuron progeni-
tors to the olfactory bulb.10,11 Humans appear to be an
exception from other mammals, as olfactory bulb neu-
rogenesis is negligible, but striatal neurogenesis is
present instead.12 Initially, adult stem cells were con-
sidered to perform a repair function, as a safety mech-
anism to replace multiple cell types that may become
damaged in the central nervous system (CNS). How-
ever, it is now widely accepted that these 2 niches per-
form physiological functions related to learning and
memory or to the olfactory memory,13 respectively. In
general, adult neurogenesis seems to be a mechanism
that regulates experience-dependent changes,14 at a
level that supersedes the limited changes in individual
neuronal connectivity through synaptic plasticity.

Although adult stem cells have been also found in
other regions of the CNS,4,15-17 the presence of active
neurogenesis outside of the DG and the SVZ has been
disputed.18 These neural progenitors have been usu-
ally considered to be quiescent stem cells,19 ready to
be activated and induced to proliferate as a repair
mechanism after injury. This idea has been reinforced
by the observation that the proliferation of these adult
stem cells is enhanced after injury or disease.20-24

However, recent observations suggest that, in addition
to the SGZ and the SVZ, adult neurogenesis is nor-
mally present on a large scale in other parts of the
rodent CNS as well, for example in the spinal cord25,26

and the hindbrain.27

Adult neurogenesis in the spinal cord

Previous studies have revealed the presence of neuron
progenitor cells in the rodent spinal cord,4,17 however
the final conversion of these progenitors into function-
ally integrated neurons was only assumed, but not
demonstrated, due to a lack of adequate imaging meth-
ods.28 This difficulty was circumvented using a recent
method for labeling proliferating cells with EdU,29 and
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by analyzing the overlap of EdU staining with immu-
nostaining for markers associated with a neuronal phe-
notype.25,26 In contrast to BrdU labeling, which
requires high temperature, damaging the spinal cord
tissue and making subsequent immunostaining very
difficult, EdU labeling is performed at room tempera-
ture, subsequently allowing efficient immunostaining.
Thus, it was demonstrated that adult-generated spinal
cord neural stem cells transit sequential stages of dif-
ferentiation, characterized by specific markers Skp2,
nestin, Mash1, Ngn2, Notch3, doublecortin (DCX)
and calretinin (CR), eventually becoming NeuN-
expressing mature neurons (Fig. 1).26 Neural stem cells
generated in the spinal cord ependymal layer26,30,31

migrate along lamina IV, at the medial edge of the dor-
sal horn, toward the superficial dorsal horn layers.
During this migration, which may require up to one
month,26,32,33 they gradually transit all the differentia-
tion stages from neural stem cell to mature neuron.
This massive migration of neural progenitor cells is
significantly increased after disease24 or injury.26,32

The conversion of these progenitor cells into mature
functional neurons was demonstrated both implicitly
and explicitly. Explicitly, the stream of neuron progen-

itors generated after experimental unilateral sciatic
nerve injury (CCI) in rats is concentrated on the side
ipsilateral to injury, and is followed 6 weeks later
(approximately the time required for their migration
to the dorsal horn) by an approximately 20% excess of
ipsilateral lamina I/II neurons relative to the contralat-
eral side.26 This surplus of neurons is noticeable for at
least 3 months after injury, which suggests their func-
tional integration; otherwise the survival time of these
neurons would be much shorter. Implicitly, the func-
tional integration of these neurons is supported by the
correlated timing of increased nociceptive sensitivity
(Fig. 2).26

Spinal cord adult neurogenesis is a dynamic
regulator of nociceptive sensitivity

The presence of spinal cord immature neurons appears
to play a key role in spinal cord physiology. In contrast
to mature neurons, immature neurons depolarize in
response to GABA, due to a high intracellular [Cl¡]
concentration.34 A similar increase in [Cl¡], resulting
in increased excitability has been reported after periph-
eral nerve injury as a result of an increased expression

Figure 1. Neural stem cells are continuously generated in normal mouse spinal cord. Right panel: 3-month old mouse spinal cord
stained with EdU, which labels proliferating cells. Higher density EdU staining is present around the central canal (lamina X), where neu-
ral stem cells are generated from the ependymal layer, and in laminae I/II, where these cells accumulate after migrating along the dorsal
horn. Left panel: Distribution of neural progenitor markers across spinal cord layers. The ependymal cell layer stains for stem cell markers
Skp2 and Notch2. As neural stem cells migrate from lamina X toward lamina I, neural markers are expressed sequentially, including nes-
tin, Mash1, Ngn2, Notch3, DCX, CR and NeuN, showing increasing levels of neuronal differentiation toward the peripheral dorsal horn.
CR D calretinin, DCX D doublecortin. Scale bar: 1 mm.
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of NKCC1 and a decrease in KCC2 expression,35,36 2
cation-chloride cotransporters which regulate [Cl¡]
homeostasis. The combination of these 2 separate
observations suggests that the neurons with increased
excitability observed in the spinal cord dorsal horn
after nerve injury may be in fact immature neurons.
This hypothesis was demonstrated experimentally, by
showing the abundant expression of immature neuron
markers in the ipsilateral dorsal horn after CCI.26 Phys-
iologically, the time period of increased expression of
these immature neuron markers correlates quite well
with the period of increased nociceptive sensitivity to
mechanical (allodynia) and thermal (hyperalgesia)
stimulation after CCI. In contrast, the inflammation
and synaptic plasticity induced by nerve injury, consid-
ered for a long time the major mechanisms in chronic
pain, occur on a significantly shorter time scale (Fig. 2).
The role of immature spinal cord neurons in regulating
nociceptive sensitivity would also be in agreement with
other characteristics of chronic pain, which cannot be
easily explained by current theories. For example the
motor abnormalities (dystonia) associated with
chronic pain and the spontaneous pain beyond the der-
matome distribution of the injured nerve could be

explained by the random, radial and longitudinal
migration of neuron progenitors throughout the spinal
cord, away from the spinal segment corresponding to
the injured nerve.

Another unexplained aspect of the chronic con-
striction injury model of neuropathic pain is the spon-
taneous and abrupt decrease in nociceptive sensitivity
which follows approximately 2-3 months after nerve
injury,37 resulting in a period of strong desensitization
to nociception. Neither the inflammation, nor the syn-
aptic plasticity models of chronic pain can adequately
explain this observation. However, in a model of neu-
rogenesis-dependent regulation of nociception, this
period of reduced sensitivity corresponds to the tim-
ing of the maturation of the massive influx of hyper-
excitable immature neurons into an excess of mature
neurons. Mature neurons hyper-polarize in response
to GABA, reducing overall dorsal horn excitability
below the normal level. Gradually, over several weeks
or months, this excess of dorsal horn neurons is elimi-
nated, presumably through programmed cell death,
restoring nociceptive sensitivity to its normal levels.

Conceivably, in normal uninjured animals the con-
stant production and migration of neural stem cells

Figure 2. Allodynia has 2 stages, corresponding to inflammation and neurogenesis. Upper panel: Nociceptive sensitivity measured after
sciatic nerve ligation in rats (the CCI model of chronic pain), shows 2 distinct stages when represented on a semi-log scale. First stage,
lasting approximately 4 weeks after nerve injury, corresponds to inflammatory pain, reflected in the activation of microglia (not shown)
and reactive astrocytes, identified by GFAP staining. GFAP staining ipsilateral to nerve injury (Ipsi) peaks at 1 week after nerve injury,
then decays back to normal by 4 weeks, mirroring the first stage of allodynia. The second stage of allodynia, lasting from week 4 to
weeks 10-12 post-CCI, corresponds to an increase in immature neuron markers such as doublecortin (DCX) and Mash1 (not shown), pre-
dominantly on the ipsilateral side. The 4-week delay is explained by the time necessary for neural progenitor cells’ proliferation in lam-
ina X, migration to laminae I/II, and partial differentiation into immature neurons. The buildup of highly excitable immature neurons in
nociceptive laminae I/II generates a second peak of nociceptive sensitivity that correlates with the peak in the expression of immature
neuron markers. Scale bars: 1 mm.
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from the ependymal cell layer to the spinal cord lami-
nae I-II maintains a constant level of steady-state
nociceptive sensitivity. The forced, accelerated matu-
ration of these neuron precursors in normal rats, using
promoters of neuronal differentiation such as TrkB
agonists, correlates with a dramatic decrease in noci-
ceptive sensitivity.26 Since inflammation and synaptic
plasticity are unlikely to occur under normal condi-
tions, a probable explanation of this observation is
that TrkB agonists eliminate the presence of highly
excitable immature neurons, resulting in an overall
decrease in dorsal horn excitability.

As a result of these considerations, a new model of
regulation of nociceptive sensitivity was proposed,
which applies to both normal and pathologic condi-
tions, such as chronic pain.26 This model is based on
a continuous contribution of spinal cord adult neuro-
genesis, which maintains a number of highly excit-
able immature neurons in the superficial dorsal horn
layers. The number of these neurons determines the
level of nociceptive sensitivity. Such a mechanism is
very similar to the experience-dependent changes
regulated by adult neurogenesis in the SGZ and SVZ.
Under normal conditions, adult spinal cord neuro-
genesis is low, only sufficient to maintain a steady-
state level of nociceptive sensitivity. Pathologic condi-
tions that elicit an increase in neurogenesis would
determine an increase in the number of immature
dorsal horn neurons, resulting in increased nocicep-
tive sensitivity, in agreement with existing observa-
tions. After the injury has healed, spinal cord
neurogenesis returns to normal levels, and the excess
of immature neurons mature and hyperpolarize in
response to GABA, increasing the nociceptive thresh-
old. The evidence that new neurons are constantly
produced in the spinal cord ependymal layer, and
then migrate to laminae I-II, elicits the question of
the fate of the excess neurons present in the upper
dorsal horn layers. Since under normal conditions
the number of laminae I-II neurons is fairly constant,
it is logical to assume that neurons in these layers die
through programmed cell death at a rate similar to
the rate of neurogenesis. A similar renewal mecha-
nism occurs in the olfactory bulb. The physiological
significance of such a constant renewal is unclear,
but it may indicate the ability to constantly readjust
the threshold to pain.

It is interesting to note that nociceptive sensitivity
changes with age.38 The sensitivity to mechanical

stimuli increases with age, possibly indicating a
reduced number of inhibitory interneurons in the
nociceptive layers. At the same time, nociceptive sen-
sitivity to other types of painful stimuli may decrease
with age,39 correlating with a decreased rate of imma-
ture neuron production. The contradictory nature of
these observations correlates with the dual effect of a
decreased rate of neurogenesis in old age,40 and is con-
sistent with a role of neurogenesis in regulating noci-
ceptive threshold.

Specific signaling in adult neurogenesis

Adult neurogenesis is likely to involve a different set of
signal transduction mechanisms relative to embryonic
neurogenesis, given the vastly different cellular envi-
ronments. In addition, some of the same signaling
molecules may play different roles in the adult versus
embryo. For example, during embryonic development
Notch3 is considered to play a proliferative role, simi-
lar to the other Notch receptors, and leads mostly to
an astroglial cell phenotype.41 However, in neural pre-
cursor cells generated in the adult, Notch3 is co-
expressed with neuronal markers, even with mature
neuron marker NeuN, but not with astroglial marker
GFAP.25 Therefore, in the adult, Notch3 has a diver-
gent, even opposite function from the other Notch
receptors. This difference may underlie a variation
from the classical embryonic “lateral inhibition”
mechanism, where Notch receptors segregate from
Notch ligands expressed on adjacent cells.42,43 Unlike
embryonic development, in the adult spinal cord
Notch3 and Jagged2 are expressed in neuronal precur-
sors, while Notch1, Jagged1, Delta and Delta 4 are
expressed on adjacent cells,25 suggesting more individ-
ualized roles for Notch receptors and ligands, and a
differentiated regulation of their expression. Other
receptor families on neighboring cells may also play a
role in regulating the outcome of adult neurogenesis.

Role of inflammation in adult neurogenesis

Stem cells transplanted into the spinal cord appear to
preferentially differentiate into glia,44 despite numer-
ous attempts, including human clinical trials. There-
fore, a key question remains why endogenous spinal
cord neurogenesis can constantly produce a large
number of neurons, while transplanted exogenous
stem cells cannot. Understanding this difference
would be key in adapting the endogenous process for
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spinal cord regeneration. Several factors are likely
involved. A critical factor appears to be the contribu-
tion of inflammation, through the cytokines and
growth factors secreted by microglia and reactive
astrocytes. This idea is supported by the fact that,
while under normal conditions adult spinal cord neu-
rogenesis is a very slow process, it is significantly
amplified under inflammatory conditions such as
peripheral nerve injury.26 In that regard, the second,
neurogenesis-dependent stage of allodynia can be con-
sidered an effect and a continuation of the first,
inflammation-dependent stage. It is interesting to
note that a standard procedure in stem cell transplan-
tation is the use of immunosuppressive therapy, to
prevent transplant rejection. This treatment also has
an anti-inflammatory effect, which may in fact nega-
tively influence the proliferation of transplanted stem
cells and their ability to differentiate into neurons.

Another observation is that most neural progenitor
cells generated in the subependymal layer of the spinal
cord migrate toward the superficial dorsal and ventral
horns through a narrow path at the medial edge of the
dorsal and ventral horns, respectively (Fig. 2). This
path is identical with the area of highest GFAP expres-
sion, suggesting that reactive astrocytes may assist or
even control the migration of neural progenitors, by
creating cytokine and/or growth factor gradients, in a
manner similar to the rostral migratory stream. It is
possible that stem cells transplanted in other regions
of the spinal cord lack this trophic/cytokine support,
thereby differentiating into glia.

Genetic variations that interfere with neuronal
maturation may cause chronic pain

Many clinical cases of chronic pain (e.g. fibromyal-
gia) cannot be linked to an injury or disease, being
assumed instead to be caused by genetic factors.45,46

In fact several transgenic mouse lines have been gen-
erated, which show lifetime symptoms of constitu-
tively increased nociceptive sensitivity.25,47,48 It is
interesting to note that all the genes found so far to
play a role in the regulation of nociceptive sensitivity
are also coincidentally involved in the regulation of
neuronal differentiation. Such genes include
ALDH2,48 Shp2,46 Notch325 and c-kit,47 which are
part of signal transduction pathways that stimulate
neuronal differentiation. This coincidence supports
the idea that genetic variations that interfere with

neuronal differentiation will maintain an excess of
highly excitable spinal cord immature neurons into
adulthood. The resulting increased level of spinal
cord excitability will determine a higher basal level of
nociceptive sensitivity.

These neuronal differentiation pathways are not
limited to spinal cord neurons, and may in general
regulate the differentiation of many other types of
neurons. This may explain the overlap of several pain
syndromes including fibromyalgia, headaches, irrita-
ble bowel syndrome and chronic fatigue syndrome,49

which may arise from shared neuronal differentiation
defects. The idea that nociceptive sensitivity is regu-
lated through neuronal differentiation remains to be
verified in additional transgenic mouse models with
defects in other neuronal differentiation pathways.
The large number of signal transduction pathways
involved in the regulation of neuronal differentiation
suggests the possibility of multiple mechanisms and
mutations that could alter nociceptive sensitivity.
Therefore the use of promoters of neuronal differenti-
ation may provide a general treatment for chronic
pain by inducing and/or accelerating the differentia-
tion of immature, hyper-excitable spinal cord neurons.
Some exceptions to this idea may arise for example
when the genetic variation which interferes with neu-
ronal differentiation is directly down-stream of the
receptor subjected to pharmacological treatment. For
example the pharmacological activation of TrkB
receptors might not be able to overcome loss-of-func-
tion defects in down-stream MAPK or Shp2. In that
case, the pharmacological activation of alternate signal
transduction pathways (e.g., Notch, Wnt) may be able
to bypass such defects in neuronal differentiation, and
may reduce pain sensitivity.

Clinical applications of spinal cord adult
neurogenesis

An obvious application of this neurogenesis-based
model of regulating nociceptive sensitivity is the devel-
opment of new treatments for chronic pain. Current
pain treatments based on the activation of inhibitory
receptors such as GABA or opioid receptors, or on the
inhibition of Na-channel activation are inherently pal-
liative solutions that treat only the symptoms, but not
the cause of chronic pain. Such treatments require
constant administration, and their effects dissipate as
soon as the treatment ceases. Such long-term
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treatments almost invariably lead to receptor up-regu-
lation or desensitization, requiring an increased dose
of antagonist or agonist, respectively, thus resulting in
addiction to analgesics. In contrast, treatments based
on inducers of neuronal differentiation result in a
long-term analgesic effect after only a short treat-
ment,26 by reducing the duration of the immature
stage of neurons. Of course, treatments with inducers
of neuronal differentiation may also affect many other
physiological processes in the central nervous system
that rely on the presence of adult neurogenesis, and
will therefore require a thorough investigation.

Another application of adult spinal cord neurogen-
esis is its potential utilization in spinal cord repair
after injury or disease. While inflammation may pro-
mote adult neurogenesis, it may also promote neuro-
nal death.50,51 Therefore, understanding this process
and adapting it for spinal cord repair will be a complex
endeavor. For example, stem cells generated in the
ependymal layer may be “primed” by surrounding
cells in the subependymal layer, possibly by reactive
astrocytes, to differentiate into neurons through a
Notch receptor-ligand lateral inhibition type of inter-
action. Such priming may be absent or ambiguous in
the rest of the spinal cord, which may explain the lim-
ited success with stem cell transplantation. A possibil-
ity to circumvent that problem is to “prime” stem cells
for neuronal differentiation before transplantation, by
inducing them, or transfecting them to express appro-
priate signaling molecules.

Conclusion

The presence of spinal cord adult neurogenesis and
the accumulation of newly generated immature neu-
rons in the upper dorsal horn layers responsible for
nociceptive signaling suggest a new mechanism of
nociceptive regulation through adult neurogenesis.
This mechanism is moderately active under normal
conditions and is significantly amplified under patho-
logic conditions. Such a mechanism can explain many
features of chronic pain which cannot be explained by
existing models. However, a neurogenesis-based
mechanism of pain would function in correlation with
existing models such as inflammation and synaptic
plasticity. In addition, an adult neurogenesis-based
mechanism of regulating nociceptive sensitivity would
be similar to other experience-dependent adaptation
mechanisms that occur in well-established neurogenic

niches in the brain. These findings establish a new
neurogenic niche in the spinal cord, and open new
opportunities in chronic pain treatment and spinal
cord regeneration.
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