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INTRODUCTION

ABSTRACT Damage in the periphery or spinal cord induces maladaptive plastic
changes along the somatosensory nervous system from the periphery to the cortex,
often leading to chronic pain. Although the role of neural circuit remodeling and
structural synaptic plasticity in the ‘pain matrix’ cortices in chronic pain has been
thought as a secondary epiphenomenon to altered nociceptive signaling in the
spinal cord, progress in whole brain imaging studies on human patients and animal
models has suggested a possibility that plastic changes in cortical neural circuits may
actively contribute to chronic pain symptoms. Furthermore, recent development
in two-photon microscopy and fluorescence labeling techniques have enabled us
to longitudinally trace the structural and functional changes in local circuits, single
neurons and even individual synapses in the brain of living animals. These technical
advances has started to reveal that cortical structural remodeling following tissue or
nerve damage could rapidly occur within days, which are temporally correlated with
functional plasticity of cortical circuits as well as the development and maintenance
of chronic pain behavior, thereby modifying the previous concept that it takes much
longer periods (e.g. months or years). In this review, we discuss the relation of neural
circuit plasticity in the ‘pain matrix’ cortices, such as the anterior cingulate cortex,
prefrontal cortex and primary somatosensory cortex, with chronic pain. We also
introduce how to apply long-term in vivo two-photon imaging approaches for the
study of pathophysiological mechanisms of chronic pain.

be generated, implying a larger memory capacity per synapse [6].
Several studies have demonstrated that chronic pain is closely

Chronic pain is a major challenge to clinical practice as well as
basic neuroscience [1]. Tissue or nerve injury triggers or induces
plastic changes in peripheral nociceptive nerve endings, in the
dorsal horn of the spinal cord, as well as in supraspinal and
cortical areas [2,3]. All of these changes in the nervous system
may contribute to increased pain sensitivity [4,5]. Compared with
functional plasticity alone, structural alteration could augment
the memory storage capacity as structural rewiring allows more
variability and therefore a larger number of potential circuits to

associated with structural changes in the central nervous system
such as the spinal cord and brain [7,8]. Considering the similar
mechanism of memory and chronic pain, exemplified by “long-
term potentiation” and “central sensitization”, neural circuit
remodeling might have an important affect to the perception of
pain [9].

Many research papers on the relation of chronic pain and
neural structure in the central nervous system have been
published. It is mostly focusing on the alteration of neurons
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in the spinal cord. The sprouting of A-fibers from deep to
superficial lamina one week following traumatic nerve injury
has been proposed to drive neuropathic pain hypersensitivity
since several decades [10,11]. However, this suggestion is now
controversial because recent studies from different laboratories
have demonstrated that such sprouting of low-threshold A-fiber
mechanoreceptors does not occur [12,13]. In fact, large-scale
organization of axonal and dendritic arbors seems to be very
stable, compared to the dynamic changes in synaptic connectivity
through the growth and elimination of synaptic structures
(i.e., axonal bouton and dendritic spine) [14]. Waxman and his
colleagues have conducted a series of experiment on remodeling
of dendritic spines in the spinal cord of different pain and injury
models. Ten days after peripheral nerve injury, spine density
increased with mature, mushroom-shaped spines preferentially
distributed along dendritic branch regions closer to the cell body
[15]. In a diabetic neuropathic pain model, they have reported
alteration in dendritic spine shape and distribution on wide-
dynamic-range neurons within lamina IV~V of the dorsal horn
[16]. In a spinal cord injury (SCI) induced chronic pain rat model,
the conversion from thin-shaped to more mature, mushroom-
shaped spine structures results in enhanced synaptic transmission
and fidelity, improved frequency-following ability, and reduced
inhibitory gating effectiveness [17].

In the brain, preliminary evidence of pain-related structural
changes was initially revealed by functional magnetic resonance
imaging (fMRI) mostly concentrated on human adult brain.
Imaging studies showing altered brain morphology and
connectivity in multiple types of chronic pain conditions, such
as chronic back pain [18] fibromyalgia [19] complex regional pain
syndrome [20] and headache [21], have been reported. However,
as most of these studies were conducted based on images with
limited spatial resolution and temporal resolution, changes
in local neural circuits of individual neurons and synapses in
the brain are not clearly demonstrated. Recently, long-term in
vivo two-photon imaging represents a newly developed tool for
studying the structural changes in the brain of living animals
[22,23] and longitudinal observation of individual neurons and
synapses is enabled. Compare to the large number of human
imaging studies published, only a handful of previous studies
have been done to assess the structural correlates of chronic pain
in the brain of animals.

Hitherto, a certain amount of investigation has been conducted,
and this review is written to report the results that have been
produced and help further research. Here, based on articles
focused on the relation of chronic pain to structural plasticity,
we will discuss changes in different parts of the brain, such as
the amygdala, anterior cingulate cortex (ACC), hippocampus,
prefrontal cortex (PFC), primary somatosensory cortex (S1) and
thalamus. Furthermore, recent advance in two-photon imaging
studies will be introduced as rewiring of local neural circuits can
be observed.
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CORTICAL CIRCUIT PLASTICITY DURING
CHRONIC PAIN

Recent experiments conducted in both human patients and
animal models have demonstrated that the presence of chronic
pain is closely associated with significant functional and
structural modifications in different cortical regions, including
the amygdala, ACC, hippocampus, PFC and SI.

In an article of Apkarian et al., six most common regions
activated in acute pain are often referred to as the pain matrix.
These regions includes: S1, secondary somatosensory cortex (S2),
ACC, insular cortex (IC), PFC and the thalamus [24]. However
in chronic pain, Lithwick et al. state that only five regions are
included in the pain matrix with the exception of thalamus,
which is not associated with the processing of pain, but rather
relays sensory information to cortical and subcortical structures
[25]. Although it was not in a chronic pain model, Takeuchi et
al. have observed rapid rewiring of afferent fibers in the mature
ventral posteromedial thalamic nucleus of mice after transection
of the peripheral whisker sensory nerve, using the whole-cell
voltage-clamp technique [26]. Also, Draganski et al. have reported
a loss of thalamic gray matter in 28 volunteers with unilateral
limb amputation using voxel-based morphometry, which is
based on high-resolution magnetic resonance images [27]. They
suggested that the loss of neurons might be a secondary response
to injury, rather than a cause of chronic pain, reporting that the
decrease of gray matter is related to the duration of amputation,
but not to the amount of phantom pain.

In this review, S2 and IC have not been mentioned as, to our
best knowledge, no articles have been found on the neuronal
structure plasticity concerning this area. However, several articles
have reported that S1 and S2 is closely related and we supppose
that the structural changes in the S2 might occur along with
S1 area, although in one study, after having examined cortical
reorganization in response to phantom pain treatment, S1
exhibited cortical reorganization while S2 did not [28]. Also,
the IC is considered to be related to both sensory and affective
perception of pain, and some articles have reported its relation
with the ACC [29]. Reorganized connectivity between the PFC
and the IC have been observed in a chronic back pain patient
with fMRI [30]. In addition to S2 and IC, neuronal plasticity in
the motor cortex has been reported in an article by Kim et al. [31].
Using confocal microscopy in fixed slices, they have observed
dendritic spines in the rat motor cortex after an overhemisection
injury at C4 level. Spine density decreased at 7 days and partially
recovered by 28 days and spine head diameter significantly
increased in a layer-specific manner.

Amygdala

The amygdala is an almond-shaped structure in the medial
temporal lobe in the limbic system that plays an important role in
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behavioral responses to emotional stimuli [32]. It is also known to
be deeply involved in the processing of the emotional component
of pain, probably through a modulatory role upon major
supraspinal pain control centers [33]. It does not only modulate
pain through the descending inhibitory control systems but also
contributes to the generation and enhancement of pain responses
[34].

In an article by Tajerian et al., mice with chronic pain induced
by fracture/cast show increased complexity in dendritic structure
in the contralateral amygdala compared to control group mice.
The difference was shown by the mean number of intersections
of dendritic branches with consecutive 5-pum-spaced concentric
sholl rings. Furthermore, independent quantification of neuronal
structure using direct counts revealed that the fracture/cast group
has a significantly greater number of secondary nodes compared
with control, indicative of increased dendritic branching. No
differences were seen in measures of dendritic length, average
soma area, total number of neurons, or dendritic spine density
[35].

Goncalves et al. showed an increased amygdala volume in
spared nerve injury (SNI) model rats. Additional morphological
analysis suggested that increased cell number, but not increased
cell volume and dendritic length, contributes to the enlarged
amygdala volume in the SNI treated rats. They further suggest
that these neural circuit modification of the amygdala might
correlate with the development of depressive-like behavior in
animals with neuropathic pain [36].

Anterior Cingulate Cortex (ACC)

The ACC is a major cortical area that is believed to contribute
to a myriad of brain functions, including attention, learning,
memory, emotion and pain processing [37]. Zhuo M. states that
ACC along with IC is an important cortical region responding
to physiological and pathological pain, which is critical for
pain perception, and that evidence indicates that plasticity in
the ACC is involved in the development of persistent pain [38].
Zhuo and his colleagues have shown that long-term presynaptic
and postsynaptic change occurs in cortical synapses after nerve
injury and that these changes were absent in genetic mice lacking
calcium-stimulated adenylyl cyclase 1 [39]. Eto et al. have also
demonstrated using in vivo two-photon Ca” imaging that intra-
regional remodeling within SI of the mouse accelerates chronic
pain behavior by modulating neuronal activity in the ACC [22].

Blom et al. performed multiple whole-cell recordings from
neurons in layer V of the ACC of adult mice after chronic
constriction injury of the sciatic nerve of the left hind paw and
observed a striking loss of connections between excitatory and
inhibitory neurons in both directions [40]. They suggested
that cortical network is disinhibited and this might explain
the increased activity observed in the ACC in patients with
nerve injury. Also, in a human placebo study, a decrease in
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ACC activation along with the anterior insula correlated with a
decrease in pain [41].

Hippocampus

The hippocampus, a central component of the limbic system
involved in regulation of spatial memory and mood or affect,
is one of several brain regions that is capable of continuous cell
proliferation and neurogenesis throughout adulthood in humans
and other animals [42]. Several studies have reported the relation
of hippocampal structure plasticity to chronic pain. Human
patient case study published by Zimmerman et al. [43] states
that the hippocampal volume is reduced in elderly individuals
with chronic pain. In animal models of chronic pain, Duric
and McCarson examined the hippocampal morphology with
bromodeoxyuridine (BrDU) staining and found that neurogenesis
in the dentate gyrus (DG) area was significantly reduced after
CFA-induced long-term inflammatory nociception but not after
formalin elicited acute nociception [42]. Tareda et al. evaluated
the environmental enrichment (EE)-induced hippocampal
neurogenesis in nerve-ligated mice. Mice were housed either in a
standard environment or in the EE for 4 weeks. In sham control
group, EE increased the immunoreactivity for doublecortin, a
marker for immature neuron-positive cells, as well as NeuroD
(a neurogenic basic helix-loop-helix factor)-positive cells in the
DG, compared to standard environment. However, nerve-ligation
induced injury suppressed EE mediated induction of both DCX-
and NeuroD-labeled cells [44].

The reduction of presynaptic boutons in hippocampal
CALl region was observed by Ren et al. By calculating the
density of synaptophysin-positive puncta in the CAl area,
they demonstrated that SNI in both rats and mice reduced the
presynaptic terminal puncta density, a form of ultrastructural
plasticity that was supposed to be correlated with altered short-
term plasticity (frequency facilitation) at CA3-CAl synapses
[45]. In addition, Mutso et al. found a robust decrease in the
hippocampal neurogenesis 14 days after SNI as evidenced by
reduced number of BrdU positive cells in bilateral DG [46].

Prefrontal cortex (PFC)

The PFC is associated with high-order cognitive and emotional
functions including attention, decision making, goal-directed
behavior, and working memory [47]. Among different sub-
regions having a role in the processing of pain, the medial PFC
was found to be involved in signaling the unpleasantness of pain.

Using the SNI neuropathic pain model rats, Metz et al.
performed patch-clamp recordings and anatomical analysis of
layer II/IIT pyramidal neurons in the contralateral medial PFC.
They reported that basal dendrites of the pyramidal cells in the
medial PFC were much longer and had more branches than their
counterparts from the sham control group. Spine density was also
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selectively increased in basal dendrites of neurons from SNI rats,
without any significant change for the apical dendrites. Metz et
al. further state that the changes occurred only in basal dendrites
may suggest the reorganization of intracortical circuits rather
than the reorganization of extracortical inputs [48].

Primary somatosensory cortex (S1)

Earlier findings from macroscopic brain imaging studies
have suggested that maladaptive plastic changes, such as
hyperexcitability and reorganization, in the S1 cortex play active
roles in the chronification of neuropathic pain [49,50].

Florence et al. have shown the evidence of axonal reorganization
in the S1 cortex in amputated adult macaque monkeys. Using
the neuronal labeling and microelectrode recording, they have
proved that massive change, such as axonal sprouting, occurs in
the cortex related to the affected limb [51]. Furthermore, with
the use of microelectrode mapping techniques Merzenich et al.
have demonstrated the functional and structural change of S1
2~8 months after surgical amputation of digit in adult monkeys
[52]. Such large-scale organization of axonal and dendritic arbors,
however, is rarely seen in longitudinal imaging of the intact adult
cortex over weeks [53,54], even following peripheral nerve injury
(Fig. 1b). Instead, in vivo two-photon imaging studies have started
to reveal that neural circuit remodeling that is responsible for
storing specific long-term information following novel sensory
experiences or peripheral injury could be achieved by subtle
changes in the formation and elimination of synaptic structures
[14,55,56].

To observe the plastic changes in synapse morphology,
formation and elimination in the SI area in animal models
of pain, Nabekura, Kim and his colleagues used long-term
in vivo two-photon imaging [56,57]. First, they reported that
partial sciatic nerve ligation resulted in a phase-specific and
size-dependent growth/survival of newly formed dendritic
spines and previously persistent spines, revealing a rapid and
selective remodeling of cortical synapses that provides the
structural correlate of neuropathic pain in the S1 ([56], see also
Fig. 1c). Subsequently, using the short-term in vivo two photon
imaging, they further demonstrated that spine motility and the
proportion of immature (thin) spines significantly increased in
the development (but not maintenance) phase of neuropathic
pain. Also, the formation and elimination of axonal boutons
moderately increased and decreased, respectively, during the
tirst 3 days following the nerve injury [57]. In an experiment
using in vivo two-photon Ca” imaging conducted by Eto et al.,
they have reported that the spontaneous activity of layer II/III
neurons in the S1 and the evoked response to sensory and layer
IV stimulations increased under chronic inflammatory pain
conditions [22].

Putting all these results together, it is suggested that peripheral
nerve injury can indeed elicit rapid and dynamic neural circuit
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rewiring in the S1 area, which may provide a novel target for
treatment of intractable neuropathic pain.

Two photon

3weeks after
nerve injury

Fig. 1. In vivo two-photon microscopy imaging in the cortex of living
animals. (a) Comparison of conventional single photon microscopy
and two-photon microscopy imaging in the intact cortex of YFP-H line
mouse [61], expressing yellow fluorescent proteins (YFPs) in many layer
V pyramidal neurons. [Left] Representative 3D reconstructed single
photon (confocal) microscopy image of layer V pyramidal neurons
in the S1 cortex of anesthetized YFP-H mouse. Note that only distal
dendrites, not proximal dendrites and cell bodies, of layer V pyramidal
neurons can be seen up to 200~300 um deep from the surface, for
which full laser power should be used. Scale bar, 100 um. [Middle-
top] Characteristics of single photon imaging (left) and two-photon
imaging (right). [Middle-bottom] Schematic drawing of in vivo two-
photon imaging of neurons in a living mouse. [Right] Representative
3D reconstructed two-photon microscopy image of layer V pyramidal
neurons in the S1 cortex of anesthetized YFP-H mouse. Note that whole
parts of dendrites and cell bodies of layer 5 pyramidal neurons are
clearly seen up to 600 um deep from the surface. Scale bar, 100 um. (b)
Little change in dendritic arbors in nerve injured mice over 3 weeks.
[Left] Z-projection image of apical dendrites (512x512 pixels, 0.62 pm/
pixels, 50 optical planes, 1 um step, 10~60 um below the surface) in the
S1 cortex taken just before peripheral nerve injury. [Right] Image of the
same dendrites taken after peripheral nerve injury. Scale bar, 50 um.
(c) Representative images of the same dendrite in the S1 cortex taken
before and after peripheral nerve injury. Arrowheads indicate dendritic
spines generated (red) or eliminated (blue) when compared with the
previous imaging session. Note the increase of spine formation and
elimination after peripheral nerve injury. Scale bar, 2 um.
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In vivo two-photon imaging

Technical advances in two-photon laser scanning microscopy
and fluorescence labeling methods have enabled researchers to
directly observe the structural and functional plastic changes
in neuronal populations at single cell or individual synapse
level [14,23,58]. The advantages of two-photon microscopy
imaging are shown in Fig. 1a, compared to conventional single
photon microscopy: (i) use of near-infrared laser (vs. visible
laser) enabling deep tissue imaging (~1 mm) by low scattering;
(ii) nonlinear excitation properties of fluorescent molecules (vs.
linear), i.e. increasing the laser intensity twice results in 4 times
increase of emission signals, enabling relatively low laser intensity
to be sufficient for imaging; (iii) localized excitation (vs. out-focus
excitation) enabling high resolution imaging with no requirement
of confocal pinhole that causes some loss of emission signals. The
latter two advantages that also contribute to less photodamage,
together with the former advantage for deep tissue imaging,
make the two-photon microscopy optimal for long-term in vivo
imaging of neurons and synapses in the intact brain (for detailed
explanations about the principle of two-photon microscopy in a
biology field, see review articles [58-60]).

CONCLUSION AND PERPECTIVES

Recently, research on neural circuit remodeling under chronic
pain is seen as a major clue to understand the mechanism of
pain and evidence has been accumulating to demonstrate that
multiple types of chronic pain-related comorbidities implicate
both functional and structural synaptic plasticity. With the
understanding of chronic pain, it has been more obvious that it is
strongly associated with both emotional and sensory components
of the brain. In this review, we have discussed the change of
neurons and synapses in the cerebral cortex such as amygdala,
ACC, hippocampus, PFC and S1 (summarized in Table 1). All
these results included in this review demonstrate that chronic
pain, regardless of the etiology (inflammatory or neuropathic)
and pain model, is likely to trigger various forms of structural
plasticity in the cortex, which in turn could be directly or
indirectly involved in the development of sensory and emotional/
cognitive symptoms of chronic pain.

It has long been believed that structural plasticity of neuronal
connections in the brain occurs certain period (i.e., month or
years) after the functional change (i.e., days or weeks) in chronic
pain. However, as mentioned in articles included in this review,
using long-term in vivo two-photon imaging, it is demonstrated
that rapid structural reorganization of synaptic connections in
the related sensory or motor cortex can take place within days
or weeks correlated with functional plasticity. This may raise the
importance of timing of intervention in preventing chronic pain
[23].
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In our review, plastic changes in the human brain are not
mentioned in the table (Table 1) because most of these studies
were conducted based on images with limited spatial and
temporal resolution and changes in local neural circuits of
individual neurons and synapses in the brain are not clearly
demonstrated. We have tried to see the change at the early and
late phase of chronic pain in each part of the brain mentioned
in the text, but unfortunately, the relatively small number of
published studies prevents closer examination of short and long
term change in each part of the brain. Also, we are more focusing
on the structural than functional plasticity of the cortex during
chronic pain. Whether the included articles focus on the early or
late phase of chronic pain and on structural or functional change
is mentioned in the table (Table 1).

Still, whether neural circuit remodeling is the cause or the
result of the chronic pain is not clearly understood. Although
Rodriguex -raecke et al. state that the change in the brain is the
consequence not the cause of the pain, this question still remains
controversial [61]. In addition, many aspects of the maladaptive
plastic changes in cortical neural circuits and synaptic structures
remain unsolved. For example, the role of glial cells (e.g. microglia
and astrocytes) in the cortical plasticity as well as in chronic
pain symptomps are not fully understood compare to its action
in the spinal cord. How and to what extend do cortical glial cells
participate in the alteration during chronic pain needs furthur
investigation. Also, how do several cortical ‘pain matrix’ regions
influence each other and interact with spinal cord nociceptive
circuits? Research in this field is still at its beginning, entailing
more instructive future studies to gain our understanding of
the structural substrate of chronic pain and the accompanying
comorbidities.
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