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Abstract

Purpose of review: Neuropathic pain may arise from multiple mechanisms and locations.
Efficacy of current treatments for painful diabetic neuropathy is limited to an unpredictable sub-set
of patients, possibly reflecting diversity of pain generator mechanisms, and there is a lack of
targeted treatments for individual patients. This review summarizes preclinical evidence
supporting a role for spinal disinhibition in painful diabetic neuropathy, the physiology and
pharmacology of rate dependent depression (RDD) of the spinal H-reflex and the translational
potential of using RDD as a biomarker of spinally-mediated pain.

Recent Findings: Impaired RDD occurs in animal models of diabetes and was also detected in
diabetic patients with painful versus painless neuropathy.

Summary: RDD status can be determined using standard neurophysiological equipment. Loss of
RDD may provide a clinical biomarker of spinal disinhibition, thereby enabling a personalized
medicine approach to selection of current treatment options and enrichment of future clinical trial
populations.
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Introduction

Pain is a debilitating consequence of both type 1 and type 2 diabetes [1] that afflicts some
15-30% of people with diabetic neuropathy [2-5]. The diversity of the manifestations of
painful diabetic neuropathy, including spontaneous tingling, lancinating or burning pain that
frequently presents alongside touch-evoked pain and numbness [2, 6], suggests involvement
of complex mechanisms downstream of initiating events such as impaired insulin signaling
or hyperglycemia. However, the pathogenesis of painful diabetic neuropathy remains poorly
understood and pain is frequently unresponsive to treatment with frontline analgesics or
requires doses that also produce intolerable side effects [7].

The transduction of sensory signals originates with activation of receptors present in primary
afferent terminals embedded in specialized end organs or in peripheral tissues. Signals are
transmitted along primary afferent axons to sensory terminals in the superficial dorsal horn.
Sensory information is subsequently integrated by projection neurons in the superficial and
deep laminae of the spinal cord which transmit information via ascending pathways to the
periaqueductal grey (PAG), rostroventral medulla (RVM) and thalamus of the brain [8]. The
PAG and RVM in turn send projections back down to the spinal cord that can additionally
facilitate or inhibit spinal excitability. Disruption of the sensory neuraxis leading to
neuropathic pain can result from signal amplification or loss of inhibition (disinhibition) at
any point along this system [9]. Indeed, changes in peripheral drive, central amplification
and brain processing of nociceptive information have all been described in rodent models of
diabetes [9].

For the purposes of this review, we will confine our discussion to the role of altered spinal
excitability, arising from spinal disinhibition, in the development of painful diabetic
neuropathy and the limited efficacy of current therapeutics.

Spinal Disinhibition

Melzack and Wall first proposed that peripheral sensory inputs could be modulated by spinal
inhibitory circuits to modify the message ultimately received and interpreted by the brain
[10]. The intimate association between inhibitory interneurons and spinal nociceptive
circuits [11] implies that local tonic spinal inhibition, mediated by the inhibitory
neurotransmitters GABA and glycine, plays a critical role in regulating spinal sensory
processing. Pharmacological studies support this inference. Intrathecal administration of
GABA or glycine receptor antagonists decreases nociceptive thresholds and produces
behavioral indices of hypersensitivity in response to both painful and non-painful stimuli
[12-15], indicating that spinal sensory systems are under tonic inhibition. Conversely,
enhancing inhibitory neurotransmission by administering inhibitory receptor agonists or by
genetic manipulation to enhance release of inhibitory neurotransmitters, increases
nociceptive thresholds and reverses indices of pain in multiple models of neuropathy [16—
19]. Spinal disinhibition due to loss of inhibitory interneurons, impaired storage and/or
release of inhibitory neurotransmitters or impaired post-synaptic receptor activity, has been
proposed as an important pathogenic mechanism underlying neuropathic pain [20, 21].
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A mechanism of spinal disinhibition in diabetes

Reduced spinal GABAergic tone occurs in a number of models of neuropathic pain [22, 23].
However, there is no evidence that inhibitory GABAergic interneurons are compromised by
diabetes. Indeed, both basal and stimulus-evoked spinal GABA levels are elevated in the
spinal cord of diabetic rats [24] in association with unchanged spinal GABA receptor
protein levels [25]. Reports of decreased GABAR receptor protein and activity in the spinal
cord of diabetic rodents could compromise tonic presynaptic suppression of excitatory
neurotransmitter release [26, 27] but stimulus-evoked release of glutamate is paradoxically
reduced in diabetic rats with painful neuropathy [24]. The answer to the conundrum of how
elevated spinal GABA co-exists with increased nociceptive behavior in diabetic rats appears
to lie with a change in GABA receptor function. Diabetes causes a reduction in protein
levels of the spinal potassium chloride co-transporter 2 (KCC2) [25, 28] that is restricted to
the dorsal horn [29, 30]. KCC2 is specifically localized to post-synaptic neuronal
membranes in the spinal cord [31] and maintains the chloride reversal potential that is
critical for the inhibitory function of ionotropic GABA receptors [32]. Reduced spinal
KCC2 activity would be expected to cause GABA, acting at ionotropic GABA, receptors, to
have impaired inhibitory, or even overtly excitatory, influence on post-synaptic membranes
and depletion of this pump has been implicated in the genesis of a number of pain states
involving spinal disinhibition [33]. While the diabetes-induced reductions in spinal KCC2
protein are modest (~20%), such changes in pump activity are considered sufficient to
disrupt neurotransmission [34]. The involvement of excess GABA, acting via GABAA
receptors, in pain behaviors of diabetic rats is further supported by the observation that
spinal administration of the GABA receptor antagonist bicuculline alleviated tactile
allodynia and formalin-evoked hyerperalgesia [25] rather than having the pro-nociceptive
effect expected if GABA, receptors were operating in a tonic inhibitory manner.

KCC2 gene expression in the brain is regulated by a variety of factors including insulin-like
growth factor-1 (IGF-1) and brain derived neurotrophic factor (BDNF), with the former
promoting KCC2 expression and the latter down regulating it [35]. BDNF is produced by
activated microglia in the injured spinal cord and microglial-derived BDNF contributes to
the down regulation of KCC2 and spinal disinhibition in a variety of nerve injury models of
neuropathic pain [36, 37]. There are also reports that markers of spinal microglia activation
are elevated in diabetic rodents and that disruption of microglial activation restores spinal
KCC2 expression and ameliorates behavioral indices of neuropathic pain [38-41]. Further,
spinal delivery of BDNF to normal rats promotes a diabetes-like pain state, with reduced
dorsal horn KCC2 expression accompanied by GABA receptor-driven allodynia and
hyperalgesia, whereas spinal delivery of a BDNF sequestering agent to diabetic rats reverses
allodynia [29]. However, we have been unable to identify a diabetes-induced increase in
activated spinal microglia in our diabetic rats (Lee-Kubli and Calcutt, unpublished data) and
have therefore explored the possibility that excess spinal BDNF in diabetic rats could be
derived from sources outside the spinal cord. BDNF is expressed by primary afferent
neurons and transported along central projections of the axon to the spinal cord, where its
release modifies synaptic functions and sensory processing [42]. Interestingly, BDNF
mRNA [43] and protein (Figure 1) expression are elevated in the dorsal root ganglia of
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diabetic rats. It is therefore plausible that diabetes-induced increased primary afferent BDNF
expression, transport and central release contributes to spinal disinhibition and subsequent
allodynia.

Rate-dependent depression of the H-reflex as a biomarker of spinal

disinhibition
Our working hypothesis, that spinal disinhibition contributes to pain in diabetic neuropathy,
is not easy to test directly in patients, as this would require measuring spinal BDNF, KCC2
and GABA receptor function. The prediction from our animal studies that a spinal GABAA
receptor antagonist would alleviate neuropathic pain in diabetic subjects could plausibly be
assessed, but runs counter to the currently accepted wisdom that GABA 5 agonists are
analgesic [44, 45]. We therefore sought a more clinically acceptable method of assessing
spinal GABAergic tone based on the phenomenon of diminished rate dependent depression
(RDD) of the Hoffman (H)-reflex, a long-established electrophysiological phenomenon that
has more recently been linked with spinal KCC2 levels[46, 25].

The H-reflex has been described as the electrophysiological analog of the tendon reflex [47]
and H-reflex latency is used to measure sensory nerve conduction velocities in humans [48]
and rodents [49, 50]. The H-reflex also has several properties that can be used to evaluate
spinal function. For example, the ratio of the amplitude of the maximum H-reflex (Hmax) to
the maximum M-wave (Mmax) can provide information about excitability of motor neurons
because Mmax relies on the direct activation of motor fibers, while Hmax relies upon both
the excitability of the motor neuron soma and the strength of the synaptic connections
between la afferents and motor neurons [51, 47]. Further, while the H-reflex is only detected
in a subset of muscle groups under normal conditions, patients with CNS lesions show both
increased Hmax/Mmax ratio and the presence of H-reflexes in previously silent muscles,
indicating that tonic descending inhibition of spinal sensory circuits is impaired [52-56].
Changes to the Hmax/Mmax ratio have also been detected in astronauts, likely reflecting
reduced motor neuron excitability in zero gravity conditions [57]. The H-reflex can be
inhibited by parallel external input such as vibration or muscle stretch and this inhibition is
enhanced after cerebral lesions [58] but impaired in patients with spinal cord injury [59-61].
The properties of the H-reflex therefore offer insight into the function of spinal and
supraspinal modulatory systems during disease or other homeostatic disruptions when
viewed with appropriate caution [62].

The spinal H-reflex is modified when exposed to a second simulation within 0.2-1.0s of the
initial stimulation. This results in a decrease in H wave amplitude relative to the amplitude
of the original H wave (Figure 2) and is variably referred to as RDD, frequency-dependent
depression or paired-pulse depression [63-66]. As RDD of the H-reflex may be measured by
a simple electrophysiological procedure that is commonly employed for nerve conduction
studies, it can be adapted to evaluate function of spinal inhibitory systems in humans.
Indeed, there is an extensive literature demonstrating that RDD is lost after spinal cord
injury [52, 64, 67]. Diminution of RDD after spinal cord injury has been associated with
spasticity and rigidity of the lower limbs [64, 65] arising from reduced spinal inhibition [68]
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due to damage to descending inhibitory systems and/or selective loss of inhibitory
interneurons [65, 69, 70]. Attenuated RDD of the H-reflex has also been reported in
hyperkinetic children and patients with psychosis or Parkinson’s disease and can be
modulated with treatment [71-73]. These data suggest that RDD impairment is not exclusive
to conditions that involve overt physical damage to local spinal inhibitory circuitry, and
implicate the higher CNS in H-reflex modulation. However, few studies have examined the
pharmacological underpinnings of RDD of the H-reflex and little detail is known about the
neurotransmitters and circuitry involved.

The H-reflex, like the tendon reflex, has been considered to be the result of activation of a
monosynaptic reflex pathway [74], in which la afferents synapse directly onto ventral horn
motor neurons (Figure 2). As the duration of post-synaptic inhibition of the motor neuron
does not last long enough to contribute to RDD, diminution of H-reflex amplitude is
frequently attributed to reduced excitatory neurotransmitter release onto motor neurons due
to presynaptic inhibition or homosynaptic depression [75-78, 64, 66]. However, more recent
studies implicate direct inhibition of the motor neuron itself in some forms of RDD. For
example, reduced KCC2 expressed by ventral motor neurons is associated with impaired
RDD following spinal injury [79, 46]. It should also be noted that small polysynaptic group
Il afferents also contribute to the H-reflex [80] and that the excitatory post-synaptic potential
(EPSP) of the H-reflex in humans and rats has a sufficiently long rise time to allow for the
contribution of oligosynaptic inputs [81, 82]. This potential complexity of the H-reflex is
supported by evidence from cats [83, 84] and humans [85, 86] indicating that group la
afferents make both monosynaptic and oligosynaptic excitatory connections onto
homonymous muscles, with only the most excitable afferent fibers causing a monosynaptic
discharge of motor neurons without also activating interneurons [87]. Further evidence in
support of an oligosynaptic origin of inhibition during RDD comes from the loss of RDD in
hind limbs of dogs that underwent temporary ischemia and selectively damaged spinal
interneurons [88]. It is therefore plausible that inhibition of any neuron that contributes to
the final excitation of ventral motor neurons could affect the H-reflex amplitude by shifting
the balance between excitatory and inhibitory input.

Insight into cellular mechanisms underlying RDD impairment can be extrapolated from
interventions that alleviate RDD deficits associated with physical spinal cord injuries or
disease. For example, impaired RDD of the H-reflex following spinal cord injury is restored
by treadmill training in patients [70] and passive exercise in rats [89-93], presumably via
reinforcement of ventral inhibition. Exercise regimens following spinal injury restore both
RDD and spinal KCC2 expression [94]. These results suggest that RDD depends upon
maintenance of the post-synaptic motor neuron chloride gradient by KCC2 that facilitates
post-synaptic hyperpolarization via the GABA receptor chloride ion channel. There are
relatively few reports of pharmacological interventions that restore RDD after loss through
injury or disease. The inhibitory neurotransmitter GABA has been implicated in RDD
because both GABA and GABAGR receptors are involved in presynaptic inhibition of H-
reflex circuitry in the cat [95-97]. RDD is also impaired in response to anesthetic agents,
including pentobarbital, Nembutal, saffan and etomidate, all of which interact with GABA
receptors [98, 63]. The importance of spinal GABA to RDD was confirmed by a study
showing that the combination of lentiviral-induced overexpression of GAD65 with a GABA
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reuptake inhibitor tiagabine, restored depression of the spinal H-reflex in a rat model of
spinal cord injury induced spasticity [99]. The metobotropic GABARg receptor agonist,
baclofen, which alleviates spasticity in patients [100, 101], has also been reported to restore
RDD impairment in an animal model of cortical infarction resulting in forelimb spasticity
[102]. However, interpretation of studies with baclofen is complex as it can also reduce the
absolute amplitude of the H-reflex or block the H-reflex completely by directly inhibiting
post-synaptic motor neurons [103-105, 65, 101]. L-Dopa has been shown to restore RDD in
spinal cord injured rats [106], as has modafinil, an eugeroic drug with a multiplicity of
potential targets, including monoamines such as 5-HT [107] used to treat narcolepsy. 5-HT
restored the H-reflex recovery curve in patients with psychiatric disorders [108] while
duloxetine, a serotonin-norepinephrine re-uptake inhibitor (SNRI) or DOI, a selective 5-
HT2,,c receptor agonist, restored impaired RDD in diabetic rats [30], supporting a
contribution of supraspinal inputs to RDD. Such a contribution may itself be via spinal
GABA-mediated inhibition because a specific 5-HT24 receptor agonist was found to
upregulate the function of spinal KCC2 in motor neurons and restore RDD in spinal cord
injured rats [79]. Conversely, a recent report linked severity of spasticity after spinal cord
injury with impaired RDD of the H-reflex and increased expression of 5-HT24 receptors on
motor neurons [109]. However, serotonergic fibers were also significantly reduced due to the
spinal cord injury, so it is unclear which, if either, of these features had an effect on RDD.
While the intricacies of RDD remain to be untangled, it is clear that the circuitry and
pharmacology of RDD exhibits much greater complexity than the common characterization
of RDD as a monosynaptic spinal reflex [62].

Rate-dependent depression of the H-reflex in experimental diabetes

Our interest in using RDD impairment as a biomarker for loss of spinal GABAergic
inhibition and subsequent pain arising from spinal disinhibition developed from apparent
mechanistic parallels between diabetic rats and rats treated with the KCC2 antagonist DIOA.
Diabetic rats had reduced spinal KCC2 and both diabetic and DIOA-treated rats exhibited
hyperalgesia to paw formalin and allodynia to paw mechanical stimulation [25]. Both
models also showed loss of RDD. Moreover, whereas the GABA antagonist bicuculline
diminished RDD in control rats, establishing the role of GABA receptor function in normal
RDD, the antagonist restored RDD in both diabetic and DIOA-treated rats. These data
indicate that GABA, acting via spinal GABA receptors contributes to loss of RDD in these
models, and suggests that KCC2 depletion and subsequent loss of the chloride gradient in
post-synaptic neurons attenuates the hyperpolarizing actions of GABA receptors and
potentially induced inversion of GABA function to excitatory. These data led us to consider
RDD as an index of GABAergic inhibitory tone and loss of RDD as a biomarker for
GABA-mediated disinhibition that contributes to the pain state of these animals.

The viability of RDD as a biomarker for spinal inhibitory tone was further tested in studies
that manipulated spinal BDNF as a means of altering local KCC2 expression. BDNF
delivery to the spinal cord of control rats reduced KCC2 expression, diminished RDD and
induced allodynia [29]. The impact of BDNF on RDD and tactile sensation is mediated via
GABA receptors, as spinal delivery of bicuculline restored RDD and reduced allodynia and
hyperalgesia in BDNF-treated rats, as also occurs in both diabetic and DIOA-treated rats
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[25]. We then showed that allodynia, hyperalgesia and loss of RDD in diabetic rats were all
functions of spinal BDNF, as all disorders were reversed by sequestering this neurotrophic
factor. Sequestration of spinal BDNF also allowed GABA to resume its normal role of
contributing to RDD. A further test of the capacity of the loss of RDD to discriminate pain
associated with spinal disinhibition was provided by examining rats treated with paclitaxel, a
model of chemotherapy-induced neuropathic pain that has been attributed to increased
primary afferent drive [110, 111]. In this model, the same behavioral indices of neuropathic
pain seen in diabetic, BDNF-treated or DIOA-treated rats were present but, unlike the other
models, RDD was normal and GABA agonists (not antagonists) alleviated indices of pain
[29]. One somewhat unexpected finding was that while KCC2 protein expression was
selectively reduced in the dorsal horn of diabetic and BDNF-treated rats, paclitaxel-treated
rats had selectively reduced KCC2 in the ventral horn. These data suggest that paclitaxel-
induced neuropathic pain may include a spinal component related to disinhibition of ventral
motor neurons to accompany increased primary afferent drive, have focused our interest on
BDNF-regulated KCC2 expression in post-synaptic neurons of the dorsal horn and support a
polysynaptic contribution to RDD.

Our most recent studies have extended observations of impaired RDD in rodent models of
type 1 diabetes from rats to mice and also to a rat model of type 2 diabetes. We also
demonstrated that the initiating pathogenic event was not acute ambient hyperglycemia and
that impaired RDD could be corrected by treatment with insulin or C-peptide, as is tactile
allodynia [112, 113, 30]. The SNRI duloxetine, which is used to treat painful diabetic
neuropathy [114] and alleviates tactile allodynia of diabetic rats in a spinal 5HT», receptor
dependent manner [115], also restored RDD in diabetic rats via a similar mechanism [30].
Thus, neuropathic pain and loss of RDD not only appear to share a common pathogenic
mechanism involving spinal KCC2 depletion and disinhibition caused by inversion of
GABA receptor function but also exhibit common responses to therapeutic intervention
outside the root pathogenic mechanism. This supports the concept that RDD status may be a
viable biomarker for both identifying the dominant generator site in individual patients with
neuropathic pain and for predicting efficacy of therapeutic strategies that target alleviation of
spinal disinhibition.

Rate dependent depression of the H-reflex in patients with diabetic

neuropathy

RDD has been studied in humans with spinal injury and assorted diseases for over half a
century. Both humans and rats show similar magnitudes of RDD and loss of RDD after
spinal cord injury, suggesting that RDD findings in animal models of disease may be
relevant to the human condition [116, 82, 117, 93]. Accumulating evidence that loss of RDD
and indices of neuropathic pain share a common pathogenic mechanism in rodents and that
RDD can serve as a biomarker for predicting efficacy of a spinally acting analgesic
prompted our exploratory study to determine whether RDD was impaired by diabetes and
associated with neuropathic pain.
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We measured the magnitude of RDD of the H-reflex in patients with type | diabetes
segregated into painful and painless neuropathy and in age-matched healthy controls [30].
Importantly, indices of metabolic control did not differ significantly between patients with
and without painful neuropathy, suggesting that immediate severity of diabetes was not the
cause of pain. Conventional measures of large and small fiber neuropathy were also similar
in the two diabetic groups, so that there was no association between standard measures of
neuropathy and pain. RDD was detected in all groups and, consistent with previous human
studies, there was a progressive increase in the magnitude of RDD with increasing
stimulation frequency. However, mean RDD was significantly reduced and notably more
variable in the painful neuropathy group compared to both healthy controls and patients with
painless diabetic neuropathy. Detailed analysis revealed that approximately half of the
painful neuropathy group exhibited RDD that was more that 2 standard deviations from the
mean of the control group such that the painful neuropathy group could be sub-divided into
those with relatively normal RDD or notably impaired RDD. Within the painful neuropathy
group, no significant correlation was observed between severity of RDD impairment and the
severity of small and large fiber neuropathy, indicating that loss of RDD was independent of
severity of neuropathy. Subjects also underwent in-vivo corneal confocal microscopy, which
has been shown to be an objective and sensitive test to detect abnormalities in small nerve
fiber morphology in patients with diabetes [118-122]. Nerve density in the corneal sub-basal
nerve plexus was reduced in both groups of patients diagnosed with diabetic neuropathy.
This loss was more dramatic in those with painful neuropathy [30] but within the painful
neuropathy group did not correlate with impaired RDD. Thus, while pain in patients with
diabetic neuropathy is likely to be complex in origin [8, 9], our finding of RDD deficits in a
sub-set of diabetic patients with pain suggest that abnormalities in spinal excitability and
disinhibition contribute to the development of painful symptoms in a proportion of diabetic
patients who may be identified by impaired RDD.

The frequency dependence curves for RDD in normal rodents and humans are remarkably
similar [29, 30], despite the procedural difference that rodents are anesthetized during the
procedure whereas human are not. However, it is notable that diabetic rodents exhibit a
much more homogeneous neuropathy, neuropathic pain and impaired RDD phenotypes than
diabetic humans, in whom only approximately 60% will ever develop neuropathy, 20% (one
third of those with neuropathy) will develop pain and, from our admittedly small scale
exploratory study, only 10% (half of those with pain) will show RDD deficits. This is
presumably due to the genetic homogeneity of experimental rat and mouse strains. It is also
important to acknowledge that a number of patients in our study were taking anti-
neuropathic pain medication and that their therapeutic response was not studied in a
systematic manner. To validate the use of RDD as a biomarker of spinal disinhibition in
patients with diabetic neuropathy, further larger scale studies that control for the use of anti-
neuropathic pain medication and/or systematically assess therapeutic response are required.
One potential drawback to using RDD as a biomarker in diabetic subjects is that the H-reflex
can be difficult to elicit in a proportion of patients with diabetic neuropathy [123] and RDD
may therefore be of limited use in screening patients with severe neuropathy. H-reflex
amplitude can also be modulated by factors such as muscle stretch or contraction and
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postural variables [124] and should therefore be performed using strictly defined procedural
criteria.

Similarities in RDD frequency-dependence and the impact of diabetes suggest, but do not
demonstrate, similarities in the spinal circuitry between species. While understanding of the
spinal physiology and pharmacology of RDD in rodents is emerging, further mechanistic
studies comparing RDD with the nociceptive flexion reflex [125], which also undergoes
inter-stimulus interval dependent habituation [126], and measures of diffuse noxious
inhibitory control such as conditioned pain modulation, which is impaired in patients with
painful diabetic neuropathy who show a greater therapeutic response to SNRIs [127], may
help further elucidate the underlying spinal circuitry in humans.

Conclusions and Future Directions

RDD, used in combination with a measure of primary afferent activity such as
microneurography, may allow assessment of the balance between peripheral vs spinal drive
in patients with painful diabetic neuropathy and guide treatment strategies. For example,
patients with diabetic neuropathy whose pain is driven by spinal disinhibition will
demonstrate impaired RDD and may respond preferentially to anti-neuropathic pain
medications that overcome disinhibition such as SNRI’s [115, 114]. Conversely patients
with pain driven predominantly by peripheral mechanisms such as nociceptor
hyperexcitability might show greater therapeutic response to drugs acting on ion channels of
primary afferents [128]. Using RDD as a simple to employ biomarker may also be useful to
select patients likely to be most responsive to a given therapy undergoing clinical trial based
on the primary mechanism of pain generation. Thus, trials of peripheral acting therapies
could enroll patients with minimal impairment of spinal inhibitory pathways whereas
therapies that modulate spinal inhibition could select patients with evidence of impaired
spinal disinhibition. This approach may allow number needed to treat (NNT) and number
needed to harm (NNH) values to be optimized and pave the way towards personalized
medicine.
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FIGURE 1: Theimpact of diabetes on spinal modulation of sensory function in rodents.
Diabetes significantly (* = P<0.05 vs control by unpaired t test) increases BDNF protein in

dorsal root ganglia (Panel A: Lee-Kubli and Calcutt, unpublished data showing group mean
+SEM), while excess spinal GABA and BDNF promote decreased KCC2 protein in the

dorsal horn, loss of the inhibitory function of GABA receptors and anti-nocicpetive effects
of spinal delivery of the GABA receptor antagonist bicuculline (Panel B). These
biochemical disorders drive behavioral indices of neuropathic pain and loss of rate
dependent depression (RDD) of the H-reflex, all of which are restored by spinal bicuculline

(Panél C). See references [25, 29, 24, 30].
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FIGURE 2: Rate dependent depression of the H-reflex.
Initial stimulation of the tibial nerve produces an electromyogram at the paw (Panel A)

consisiting of an early M wave (M1) arising from orthodromic stimulation of motor neurons
and a later H wave resulting from stimulation of adjacent primary afferents that synapse onto
motor neurons in the ventral horn of the spinal cord (H1). Repetitive stimulation at 1Hz
results in diminution of the amplitude of subsequent H waves (H2<H1) while the M wave
retains its former amplitude (M2=M1). Rate dependent depression of the H-reflex (H1-H2)
may be modified by a variety of mechanisms (Panel B) including homoynaptic depression,
presynaptic inhibition or modified excitability of the post-synapse. Recent appreciation of
the role of the KCC2 in post-synaptic membranes provides another means of altering RDD,
while the selective loss of KCC2 protein in the dorsal horn of diabetic rats and its
association with loss of RDD (see Figure 1) contributes to a growing appreciation that RDD
is more than a simple monosynaptic reflex [62].
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