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Abstract

Context: Dysfunction of pain circuitry may alter normal pain perception, leading to neuropathic pain. The underlying mechanisms
are still unclear, although several animal models of partial nerve injury have been developed.
Objectives: This review aimed to describe some essential elements for understanding neuropathic pain after peripheral nerve in-
jury and to discuss its mechanisms with an emphasis on interneuronal disinhibition.
Evidence Acquisition: A PubMed search was undertaken with no date restrictions, using a combination of the following keywords:
“mechanisms”, “allodynia”, “peripheral nerve injury”, “neuropathic pain”, and “interneuronal disinhibition”. Then, relevant papers
on the underlying mechanisms of neuropathic pain after peripheral nerve injury were selected.
Results: Several hypotheses have been proposed to explain neuropathic pain, which are not necessarily independent of each other.
Interneuronal disinhibition is one of the most promising hypotheses, which includes several possible mechanisms, such as death of
inhibitory interneurons (1), reduced afferent drive to inhibitory interneurons (2), depletion of gamma-aminobutyric acid (GABA) (3),
GABA dysfunction (4), altered membrane properties of inhibitory interneurons (5), and specific glycine disruption (6). Currently,
only some of these hypotheses are promising. Technical discrepancies among experimental studies are partially responsible for
some of these controversial results.
Conclusions: Formerly neglected circuitries including the glycinergic system, as well as other disturbances such as shift of GABA
activity, currently constitute the most promising hypotheses on neuropathic pain. Additional studies on cell types involved in no-
ciceptive transmission and dorsal horn connectivity of the spinal cord are still needed for a better understanding of pain circuitry
and its disorders.
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1. Introduction

Pain is an experience, generally associated with actual
or potential tissue damage. It encourages individuals fac-
ing risky situations to engage in certain behaviours for pro-
tection (1). Dysfunction of pain circuitry may alter one’s
perception of pain. The increased nociception entails neg-
ative effects on quality of life, whereas its impairment may
lead to injuries associated with functional loss (2).

If normal protective pain becomes maladaptive,
pathological conditions may occur involving debilitating
chronic pain (1). Once caused by an injury or damage in the
somatosensory nervous system, a condition known as neu-
ropathic pain (NP) (3), characterized by symptoms such
as hyperalgesia, allodynia, and spontaneous paroxysmal
pain, occurs (4, 5).

The mechanisms of abnormal pain are still poorly un-
derstood, although it may originate from distinct diseases
or injuries. Among the possible sites of injury in the ner-

vous system, peripheral nerves more frequently lead to NP
when affected (1, 2). There is also evidence that partial,
compared to complete nerve injury, is more likely to pro-
duce behaviours and symptomatology of NP (3). Based on
these observations, several animal models of partial nerve
injury have been developed (3, 6). Overall, four models
are currently the most accepted: chronic constriction in-
jury (CCI), partial sciatic ligation (PSL), spinal nerve liga-
tion (SNL), and spared nerve injury (SNI) (Box 1) (7-11).

With this background in mind, this review aimed
to describe some essential elements for understanding
NP and to discuss one of the most accepted underlying
mechanisms, i.e., interneuronal disinhibition. This review
initially describes the normal nociceptive circuitry and
anatomy. The main underlying mechanisms of NP, with
an emphasis on interneuronal disinhibition, are subse-
quently discussed.
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Box 1. The Main Animal Models of Neuropathic Paina

The Main Animal Models of Neuropathic Pain

Chronic constriction injury (CCI) model by Bennett et al., 1988 (8): Loose ligation of the whole sciatic nerve causing a reduction in blood flow and consequent edema that
slowly compresses the nerve, leading to a neuronal loss, mainly of myelinated afferents in rats.

Partial sciatic ligation (PSL) model by Shir et al., 1990 (9): Tight ligation of about half of the sciatic nerve high in the thigh in rats.

Spinal nerve ligation (SNL) model by Kim, 1992 (10): Ligation of L5 and L6 spinal nerves or L5 spinal nerve alone before its merging with the rest of lumbosacral plexus to
form the sciatic nerve. Hughes et al. (2007) (11) observed that SNL resulted in a stronger tactile allodynia, compared to the CCI model in their experiment.

Spared nerve injury (SNI) model by Decosterd et al., 2000 (7): distal ligation and axotomy of 2 branches of the sciatic nerve (common peroneal and tibial nerves), sparing
the sural nerve.

aThere is also the complete transection of the sciatic nerve (SNT) model, used mainly for anatomical and physiological studies, as biological changes are greater in this
model than those of partial injury, unlike the capacity of causing allodynia or hyperalgesia.

2. Evidence Acquisition

A PubMed search was undertaken using the follow-
ing key terms combined: “mechanisms”, “allodynia”, “pe-
ripheral nerve injury”, “neuropathic pain”, and “interneu-
ronal disinhibition” (only in English with no date restric-
tion). Additional papers, suggested by the neurosciences
research team from the University of Glasgow, were also in-
cluded. Relevant papers on the underlying mechanisms of
NP after peripheral nerve injury using the described ani-
mal models were selected. Accordingly, papers addressing
modifications in the spinal dorsal horn (DH), especially in-
terneuronal disinhibition, were selected.

3. Primary Afferent Neurons and Nociception

Information is transmitted from the peripheral target
to the spinal cord by primary afferents (2, 12), which can be
divided into 4 main types according to diameter size and
myelination: Aα, Aβ, Aδ, and C fibers (all excitatory neu-
rons) (1, 2). Aα axons are related to proprioception and
innervate skeletal muscles, which is out of the scope of
this review. The other 3 groups of axons are afferents, in-
volved in cutaneous sensibility among other sensations;
therefore, they are common targets in pain research (1, 13).

Aβ fibers do not normally transmit any nociceptive sig-
nals and respond to touch and hair movements with a low
threshold pattern. Aδ and C fibers in turn are normally re-
sponsible for the transmission of nociceptive and thermal
sensations (2). Aδ fibers are mainly nociceptive, but also
provide subsets, which are thought to transmit proprio-
ceptive and hair movement inputs (14). Moreover, C fibers
are mostly nociceptors, while some fibers respond to cool-
ing or pleasant touch (2).

4. Spinal Cord Organization

In 1952, the gray matter of a cat’s spinal cord was
divided by Rexed into 10 laminae (10) according to its

structural organization. This division is still used with
subtle modifications in animal models. These laminae
have distinct cell distributions and circuitries. The DH
accounts for the first 6 layers (15) (Figure 1). Besides ax-
ons of supraspinal nuclei in nociceptive descending con-
trol, there are 3 groups of neurons in the DH (1, 2). The
first group is comprised of primary afferents. Their ax-
ons project within the DH laminae, and each group has
a distinct manner, establishing synapses with different
groups of neurons. Nociceptive inputs from Aδ and C fibers
predominantly reach the I-III layers, especially I-IIo (outer
layer) as the superficial laminae of the DH (14).

Figure 1. Modified from Rexed B. (15)

The figure represents the dorsal horn laminae of the spinal cord of a cat in an ax-
ial cut of the lumbar spine (CC, central canal; VH, ventral horn; I-VI, laminae of the
dorsal horn).

The second group consists of interneurons, which are
completely inside the DH. These neurons may be excitatory
or inhibitory and are distributed between I-III laminae;
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they account for almost all neurons in lamina II (16). The
inhibitory neurons release γ-aminobutyric acid (GABA) or
glycine (2, 5). Finally, the third group consists of outward
projecting neurons. They are concentrated in lamina I,
but are also present in deeper laminae (III-VI); nonetheless,
lamina II accounts for virtually no neurons of this type (1-3).

5. Mechanisms of Neuropathic Pain After Nerve Injury

Several hypotheses based on animal models have been
proposed to explain the occurrence of hyperalgesia and
tactile allodynia after nerve injury. However, no model can
completely mimic human nerve injury (3). Therefore, ob-
servations from a model do not necessarily agree with an-
other study. Moreover, experimental observations and con-
clusions should be analyzed with caution, as different tech-
niques with distinct quality standards are applied in stud-
ies. This is one of the currently discussed issues consider-
ing the discrepancy between preclinical and clinical trials
(17).

A great variety of mechanisms have been hypothesized
to be involved in the process of NP, including Aβ fiber
sprouting (1), de novo expression of substance P by these
fibers (2), alterations in glial-neuronal interactions (3), in-
terneuronal disinhibition (4), changes in descending mod-
ulation (5), intrinsic neuronal plasticity (6), long-term po-
tentiation (7) , and central sensitization (8) (1-3, 14). In the
following sections, one of the most promising hypotheses,
ie, interneuronal disinhibition, is discussed.

6. Interneuronal Disinhibition

In 1965, Melzack and Wall (18) published the gate con-
trol theory. Essentially, the gate, which represents the
blockage of nociceptive signals from the spinal cord to
the brain (and supraspinal nuclei) by nonnociceptive in-
puts and descending supraspinal control, is closed when
nonnociceptive fibers stimulate an inhibitory interneu-
ron in the DH. As inhibitory interneurons establish direct
and indirect synaptic connections to projection neurons,
their stimulation decreases the outputs for higher con-
trol and diminishes nociceptive transmission and conse-
quent pain. On the other hand, when inhibitory interneu-
rons are inhibited by nociceptive afferent inputs, the gate
is opened, facilitating the transmission of nociceptive sig-
nals (Figure 2) (14, 18).

Disinhibition, in turn, implies a dysfunction of in-
hibitory interneurons, with a reduction in GABAergic or
glycinergic control (19). By analyzing the importance of
these cells in the inhibition of pain, it is easy to understand
that impaired activity of these interneurons can result in

Figure 2. Modified from Braz et al. (14)

The figure represents the nociceptive gate control theory. Large, myelinated, non-
nociceptive fibers (NnocF) stimulate projection neurons (PN), but also stimulate in-
hibitory interneurons (IIn), which inhibit nociceptive transmission. Small-diameter
nociceptive fibers (NocF) stimulate transmission, activating projection neurons and
inhibiting inhibitory interneurons.

enhanced pain. Evidence suggests that disinhibition may
be one of the most important underlying NP mechanisms,
including pain relief signals by GABA administration and
pain-like behaviors in animal models when intrathecal an-
tagonists of GABAA or glycinergic receptors are intrathe-
cally administered (5, 20).

The mechanisms suggested for disinhibition include
death of inhibitory interneurons (1), reduced afferent drive
towards inhibitory interneurons (2), depletion of GABA, al-
teration of GABA function when released (3), changes in in-
hibitory interneuronal membrane properties, and specific
glycine alterations (4). In the next section, a brief discus-
sion on each of these mechanisms is presented.

6.1. Loss of Inhibitory Interneurons and Reduced Afferent Drive

Moore et al. (6) used 3 main peripheral nerve in-
jury models to determine the inhibitory mechanisms. For
identifying whether a reduction in inhibitory inputs oc-
curs after injury and whether it happens pre- or postsy-
naptically, they measured the primary afferent-evoked in-
hibitory postsynaptic currents (IPSCs) in lamina II neu-
rons, which occur due to GABA/glycine activity on postsy-
naptic receptors. They were found to be reduced, whereas
the excitatory ones remained similar to the preinjury stage
in 2 models. This finding supports the hypothesis of dimin-
ished inhibition following injury (6).

They also observed a reduction in glutamate decar-
boxylase (GAD65), a GABA synthesizing enzyme, suggest-
ing GAD65 downregulation ipsilateral to the injury. In ad-
dition, they observed that GAD65 returned to its baseline
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level within 4 weeks after injury, at least in the CCI model,
which supports downregulation over permanent loss of
enzyme. On the other hand, they examined apoptotic neu-
rons, as neuronal death might explain the reduction of
GAD65; however, it could not accurately explain the nor-
malization of enzyme levels after some weeks.

Terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) was used to identify apoptotic cells (6).
The TUNEL-positive cells were identified at 1 week after in-
jury in the superficial DH. However, many did not present
the neuronal NeuN marker (6), necessitating further stud-
ies to determine whether these cells are neurons, and if so,
whether they are GABAergic.

Scholz et al. (21) supported the occurrence of apop-
tosis in the superficial DH through observation of TUNEL-
positive nuclei in CCI, SNL, and SNI models. In addi-
tion, they combined caspase-3 and NeuN labelling to iden-
tify apoptotic neurons. Through stereological analysis of
NeuN-positive cells, they found a 22% reduction in neurons
at 4 weeks after injury, consistent with previous findings
(22). By using GAD67 as a marker for GABAergic interneu-
rons, they observed a reduction of about 24% in these cells.

A series of experiments on this subject was developed
because of the uncertainty about cell markers. In the SNI
model, Polgar et al. (23) examined neuronal density in the
superficial DH with a stereological method and found no
significant reduction, neither in the first nor in the fourth
week after injury. Another study also showed similar re-
sults, using the CCI model (24). In addition, they ana-
lyzed caspase-3 immunoreactivity in this region, indicat-
ing a moderate to high level of immunoreactivity to the in-
jury on both sides (contralateral and ipsilateral), with no
morphological alterations in the nucleus or NeuN positiv-
ity in the cells (23).

To examine whether these cells could be astrocytes,
they analyzed the relationship of strong caspase-3 positiv-
ity to antibody labelling against glial fibrillary acidic pro-
tein (GFAP), as an astrocyte marker. A great majority of the
cells were labelled by both markers, suggesting that they
could be astrocytes. Moreover, as all astrocytes were virtu-
ally marked with caspase-3, this marker is unlikely to be re-
lated to apoptotic signals in these cells (23).

TUNEL staining was also examined, presenting some
interesting features. The positive cells were distributed
both in the grey and white matters, presenting no NeuN
positivity. Iba-1 immunoreactivity, a marker of microglia,
was also found in these cells. This finding, along with the
fact that some cells were distant in the white matter, sug-
gested that these cells could be microglia (23).

Another characteristic was the proximity of neurons
to TUNEL-positive cells, sometimes even overlapping each
other, which could possibly explain the combined la-

belling of these markers in previous studies, although
these cells were always distinguishable by the nucleus
morphology. These findings altogether suggest that in
many studies, apoptotic cells are likely to be glial cells, not
neurons (23). Furthermore, no specific GABA- or glycine-
like immunoreactive neuron reduction was reported in
the CCI model (25).

Some discrepancies in the findings may be explained
by methodological differences and variations in data anal-
ysis, whereas some are not yet well understood. For in-
stance, different conclusions about TUNEL-positive cells
depend on whether these cells are considered neurons or
astrocytes, based on the cell morphology and markers. Ac-
cording to this classification, conclusions change consid-
erably.

To examine whether there is a significant reduction in
GABA explaining disinhibition, Polgar and Todd (26) an-
alyzed the level of GABA neurotransmitters in GABAergic
terminals through immunogold labelling for electron mi-
croscopy among SNI rats and considered this approach as
optimal for this purpose. They found no evidence of signif-
icant loss in GABAergic boutons or depletion of GABAA re-
ceptors. This finding was unexpected, as any level of GABA
depletion was speculated to support the disinhibition hy-
pothesis. Nevertheless, they suggested that reduced excita-
tory afferent drive to GABAergic interneurons may account
for or at least contribute to abnormal GABA activity, lead-
ing to disinhibition.

Reduced excitation of these interneurons may occur
through a variety of mechanisms, including impaired ex-
citatory drive from primary afferents to these cells (4, 5). In
this regard, Kohno et al. (27) suggested that there is a reor-
ganization of excitatory inputs and a loss of most monosy-
naptic inputs to lamina I neurons, based on the analysis
of excitatory postsynaptic currents (EPSCs), evoked by pri-
mary afferents in this layer.

Recently, Leitner et al. (28) explored the mentioned
hypothesis in mice expressing green fluorescent protein
(GFP) under the control of GAD67 promoter. These mice
are very useful, as GFP is expressed in subsets of inhibitory
interneurons in specific mouse lines. They identified a re-
duction in excitatory currents, directed to GFP cells after
CCI, consistent with the disinhibition hypothesis. In ad-
dition, the dorsal root was stimulated, and the evoked re-
sponses from Aδ and C fibers were higher than the con-
trols, suggesting no loss of synapses, accompanied by the
decreased probability of neurotransmitter release to the
synaptic cleft.

Also, activation of the neuronal activity marker, c-Fos,
under noxious stimulation was lower in GABAergic neu-
rons in lamina II after CCI, compared to the control group.
Reduced activation of these inhibitory interneurons was
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reported, even with nociceptive inputs. No changes oc-
curred in the density or morphology of dendritic spines,
which presents evidence against the loss of excitatory
synapses. Todd (5), however, noted the difficulty of inter-
preting these results, as the dendritic spines are likely to be
only part of excitatory synaptic inputs to lamina II, as other
types of synapses are established and many cells have few
dendrites (5).

In this regard, neuronal death has been thoroughly dis-
cussed in scientific circles and many researchers do not
consider it as a major possibility, based on adequate sci-
entific evidence. Nevertheless, reduced primary afferent
drive is very likely to contribute to disinhibition, even
though the degree of this contribution has not been yet es-
tablished.

6.2. Changes in GABA Synthesis or Function

Ibuki et al. (29) analyzed GABA immunoreactivity in
several intervals after CCI. They observed an important re-
duction in the GABA profile; in fact, no profile could be seen
in 2 weeks, while within 7 weeks, partial recovery occurred.
Eaton et al. (30) reported similar results on the GABA im-
munoreactivity profile. However, recent studies, including
those by Polgar and Todd (26), have not observed a reduc-
tion in GABAergic axons, suggesting the possible downreg-
ulation of GAD65; however, it was inadequate to disrupt
the GABA level on the terminals (i.e., GABA synthesis).

In addition, other studies have reported no evidence of
GABAa reduction (6, 25, 28). The discrepancy between these
studies and those by Ibuki et al. and Eaton et al. may be
related to technical considerations, such as differences in
cytological preparation and fixation. One example of unex-
plained data is the loss of GABA in both ipsilateral and con-
tralateral sides to the injury, as shown by Ibuki et al. and
Eaton et al., even with no signals of NP in the contralateral
side.

Other mechanisms of GABA changes resulting in dis-
inhibition include changes in the neurotransmitter func-
tion. One of the most interesting examples is the GABA
shift of function, resulting in depolarization instead of
hyperpolarization of postsynaptic cells as projection neu-
rons (31, 32). This shift changes the direction of chloride
(Cl-) flux, which is determined by the ratio of Cl- equilib-
rium potential (ECl) to the resting membrane potential of
the cells (1).

Generally, ECl is more negative than the resting mem-
brane potential, because of the continuous removal of Cl-

from the cell. This explains the normal activity of GABA in
these terminals, which leads to Cl- influx and subsequent
hyperpolarization of the cell. When ECl is altered, being
less negative than the resting membrane potential, GABAa

opening results in Cl- efflux and causes abnormal cell de-
polarization (31, 32). Changes in ECl may happen due to
changes in Cl- cotransporters, probably triggered by the
brain-derived neurotrophic factor (BDNF) stimulation of
tropomyosin receptor kinase B (TrkB) (1, 31, 32).

Since BDNF is released by activated microglia, intrathe-
cal injections of ATP-activated microglia produce behav-
ioral changes, resembling those in NP, whereas inactivated
microglia have no such effects (31). Likewise, the subse-
quent blockage of BDNF signaling to the TrkB receptor pre-
vented allodynia (31). Therefore, microglia may be of great
importance as an underlying mechanism of NP; neverthe-
less, alterations in glial-neuronal interactions in NP are not
restricted to interneurons. Therefore, not only depletion
of GABA, but also its functional changes are being analyzed
as possible mechanisms of disinhibition. The latter hy-
potheses, especially those involving the Cl- flux inversion
hypothesis, are promising due to lack of evidence on GABA
depletion.

6.3. Changes in Inhibitory Interneuronal Membrane Properties

Another hypothesis suggests that intrinsic plasticity
may be disinhibitory (changes in neuronal membrane ex-
citability including inhibitory interneuron membranes).
These modifications in electrical membrane properties
may include presynaptic changes in the curve of action po-
tential, changes in firing patterns, and reduced excitability
(1).

Schoffnegger et al. (33) conducted a study regarding
the physiological properties of lamina II GABAergic neu-
rons after nerve injury. They used GFP-expressing mice un-
der the control of GAD67 promoter. They found that the
membrane excitability of these neurons, synaptic inputs,
and firing pattern had no significant differences, com-
pared to the sham animals. Therefore, this study does not
support the changes in active or passive membrane prop-
erties in spinal GABAergic interneurons following nerve in-
jury. However, it should be noted that only one-third of all
GABAergic interneurons were labelled with this method,
although it may represent a proper sample of these neu-
rons.

As discussed by Sandkuhler (1), plateau potentials in-
stead of tonic firing provoke an amplified response to no-
ciceptive inputs, as it is more intense with prolonged post-
discharge periods. Activation of GABAA or GABAB receptors
inhibits the plateau potentials and converts them to the fir-
ing pattern. Based on these findings, the firing pattern of
inhibitory interneurons could be altered in NP. However,
Schoffnegger et al. (33) found no supporting evidence for
this hypothesis.

Although this hypothesis found no major support re-
garding interneurons, alterations in ionic voltage-gated
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channels are well established as a possible mechanism of
NP, related to nociceptors and projection neurons (1). In-
creased excitability of the membrane of deep DH neurons
has been observed due to a shift in the steady-state prop-
erties of sodium channels (34). Likewise, upregulation
of voltage-gated sodium channels of Na(v)1.3 subtype ip-
silateral to the injury was found in neurons coexpressing
neurokinin 1 receptor (NK1R) markers, thereby suggesting
them as projection neurons (35).

In addition, there is clinical evidence of pain relief with
the use of sodium-channel blockers in NP, such as lido-
caine, commonly used in form of topical patches (36, 37).
Although evidence on its efficacy remains conflicting (38),
due to lack of high-quality randomized controlled studies,
there is substantial evidence on its efficacy and safety in
clinical settings and individual studies, especially regard-
ing localized NP (36, 39).

6.4. Specific Glycine Alterations

Glycine is thought to be used by some lamina I-III in-
terneurons as a cotransmitter. Some studies showed that
neurons normally use one of these neurotransmitters, de-
spite expressing both (5). In addition, allodynia was ob-
served when blocking glycine receptors (40). Lu et al. (41)
proposed that NP is related to the glycinergic inhibition of
excitatory interneurons, expressing the γ-isoform of pro-
tein kinase C (PKCy) on lamina IIi (inner layer). The PKCy
interneurons are activated by myelinated, low-threshold
mechanoreceptors (Aβ).

Both glycinergic interneurons and Aβ fibers converge
inputs by PKCy interneurons. Therefore, glycinergic neu-
rons from lamina III decrease Aβ synapse effects on PKCy
interneurons, inhibiting these excitatory interneurons as
a gate control. Following injury, this inhibition may be
partially lost, allowing a greater transmission of excita-
tory inputs leading to NP. However, these findings were ob-
served in the L5 segment, but not in the upper segments
through which the nociceptive signal necessarily flows be-
fore reaching L5; this finding raised some doubts about
this hypothesis.

Foster et al. (42) also found evidence consistent with
the strong innervation of spinal glycinergic interneurons
by nonnociceptive sensory neurons. In addition, ablation
of glycinergic neurons resulted in hypersensitivity and
spontaneous aversive behaviors, whereas their exogenous
activation ameliorated neuropathic hyperalgesia (41).

7. Conclusion

Hypotheses on the underlying mechanisms of NP, as
well as the examination tools, are constantly changing.

Considering this fast improvement, some promising hy-
potheses are currently being contested, while new ones
are being recognized. There are many hypotheses on each
subtopic of this subject. Many of them are interconnected,
which makes it even harder to analyze the substantial
number of published studies; therefore, it is necessary
to employ a better system to recognize the most relevant
works. The most promising hypotheses on the interneu-
ronal disinhibition mechanism value formerly neglected
circuitries, such as glycinergic circuitry and other distur-
bances, including shift of action in GABA. Along with stud-
ies on cell types involved in nociceptive transmission and
connections in the dorsal horn, these hypotheses can have
major contributions to the understanding of neuropathic
pain.
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