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When Pain Hurts:
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Abstract

Spinal cord injury (SCI) is often accompanied by other tissue damage (polytrauma) that provides a source of pain (noci-
ceptive) input. Recent findings are reviewed that show SCI places the caudal tissue in a vulnerable state that exaggerates the
effects nociceptive stimuli and promotes the development of nociceptive sensitization. Stimulation that is both unpredictable
and uncontrollable induces a form of maladaptive plasticity that enhances nociceptive sensitization and impairs spinally
mediated learning. In contrast, relational learning induces a form of adaptive plasticity that counters these adverse effects.
SCI sets the stage for nociceptive sensitization by disrupting serotonergic (SHT) fibers that quell overexcitation. The loss of
5HT can enhance neural excitability by reducing membrane-bound K™-CI~ cotransporter 2, a cotransporter that regulates the
outward flow of CI". This increases the intracellular concentration of CI”, which reduces the hyperpolarizing (inhibitory)
effect of gamma-aminobutyric acid. Uncontrollable noxious stimulation also undermines the recovery of locomotor function,
and increases behavioral signs of chronic pain, after a contusion injury. Nociceptive stimulation has a greater effect if
experienced soon after SCI. This adverse effect has been linked to a downregulation in brain-derived neurotrophic factor and
an upregulation in the cytokine, tumor necrosis factor. Noxious input enhances tissue loss at the site of injury by increasing
the extent of hemorrhage and apoptotic/pyroptotic cell death. Intrathecal lidocaine blocks nociception-induced hemorrhage,
cellular indices of cell death, and its adverse effect on behavioral recovery. Clinical implications are discussed.
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Introduction opiate analgesic (morphine). As an alternative, we propose that
generally inhibiting neural activity with intrathecal lidocaine may
THE PRESENT REVIEW EXPLORES how pain affects recovery have therapeutic value.

after spinal cord injury (SCI). We will discuss how the pro-
cessing of pain (nociceptive) signals within the spinal cord is reg-
ulated by learning. These studies demonstrate that uncontrollable/

unpredictable noxious stimulation caudal to SCI engages a lasting

Noxious Stimulation Sensitizes Nociceptive Circuits
within the Spinal Cord

(memory-like) effect that enhances nociceptive reactivity and in-
hibits adaptive plasticity. More important, we show that noxious
stimulation soon after a contusion injury increases cell loss at the
site of injury, undermines locomotor recovery, and enhances the
development of chronic pain. At a cellular level, these effects are
related to increased expression of tumor necrosis factor (TNF) and
proteins linked to cell death (apoptosis and pyroptosis). We con-
clude by discussing recent work demonstrating that these adverse
effects are enhanced, rather than diminished, by treatment with an

Our research builds upon decades of work examining how no-
ciceptive signals are regulated within the spinal cord to modulate
both motor reactivity (e.g., withdrawal from a noxious stimulus)
and neural activity in ascending pain pathways. (Because the term
pain refers to a brain-dependent psychological state, a nonpsy-
chological term [nociception] will be used to describe how spinal
circuits operate.) Noxious (potentially tissue damaging) stimuli
engage nociceptive fibers that project to the superficial laminae of
the spinal cord dorsal horn. While it is acknowledged here that
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peripheral changes can modify the afferent input,’ our focus will be
on how nociceptive signals are processed within the spinal cord.

Neural projections from the dorsal horn elicit both a motor re-
sponse and engage ascending circuits that lead to the brain-
dependent perception of pain (Fig. 1A). This nociceptive input is
regulated by the brain by descending fibers that can quell neural
excitability through both opioid and nonopioid (e.g., serotonergic
[SHT]) processes.2

The traditional view of pain assumed that the processing of
nociceptive signals within the spinal cord was essentially hard-
wired and therefore immutable. It was recognized that experience
(learning) could alter both spinal nociceptive reflexes and noci-
ceptive transmission to the brain, but these effects were ascribed to
the brain-dependent regulation of nociceptive circuits through
descending fibers.*”> Approximately 20 years ago, a series of dis-
coveries transformed this view, demonstrating that noxious stim-
ulation can induce a lasting alteration within the dorsal horn that
sensitizes both motor reactivity and pain (Fig. 1B).®® Nociceptive
sensitization can be induced by the peripheral application of an
irritant (e.g., formalin, capsaicin, or complete Freunds adjuvant
[cFA]) or a noxious shock that engages C-fibers. At a behavioral
level, these treatments can enhance reactivity to mechanical stim-
ulation, a phenomenon that has been related to the allodynia (pain
elicited by non-noxious touch) associated with chronic neuropathic
pain.” '™ At a cellular level, nociceptive sensitization is associ-
ated with markers of neural excitation within the dorsal horn (e.g.,
the expression of the transcription factor, c-fos, and the activation
[phosphorylation] of extracellular signal-regulated kinases (ERKs;
e.g., ERK1 and ERK2).%°

Within the brain, learning and memory have been linked to long-
term potentiation (LTP), long-term depression (LTD), and N-
methyl-D-aspartate receptor (NMDAR)-mediated plasticity.'>"*
Using electrophysiology, researchers have shown that electrical
stimulation can induce both LTD and LTP within the spinal cord and
have shown that these effects are blocked by pre-treatment with an
NMDAR antagonist.g’ls"6 Likewise, the peripheral application of
the transient receptor potential vanilloid receptor subtype 1 (TRPV1)
agonist, capsaicin (the active ingredient in chili peppers), enhances
neural excitability in the dorsal horn and ascending nociceptive
circuits.” At a cellular level, capsaicin engages c-fos and increases the
phosphorylation of EKR (pERK). Over the last 20 years, research has
shown that the lasting (central) sensitization of spinal nociceptive
circuits depends upon signal pathways similar to those involved in
brain-dependent learning and memory (Fig. 1C).”#17 Further, work
implicating non-neuronal cells (astrocytes and microglia) in the
regulation of brain-dependent plasticity has been paralleled by re-
search showing that these cell types modulate the development of
central sensitization within the spinal cord. 1819 Indeed, in this arena,
it could be argued that work on spinal plasticity has helped to mo-
tivate the exploration of how non-neuronal cells regulate plasticity
within the brain.

An intriguing feature of nociceptive sensitization is that it often
has a diffuse effect on spinal processing. For example, a noxious
stimulus applied to a hindleg of a rat can impact behavioral reac-
tivity to stimuli applied to the contralateral limb.?® This observation
is important because it implies that the experience was likely en-
coded within a circuit beyond a specific afferent neuron, or the
dorsal root ganglion, because such modifications would typically
only affect reactivity to stimuli applied to the ipsilateral side.

SCI often leads to the development of chronic pain.*""** In spi-
nally contused rats, symptoms of chronic pain (e.g., enhanced
mechanical reactivity [EMR]) typically emerge 14-21 days post-
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injury. The development of chronic pain post-SCI has been linked
to a number of processes known to regulate nociceptive circuits,
including the disruption in descending serotonergic (SHT) inner-
vation, dysregulation of non-neuronal cells (gliopathy), and a loss
of gamma-aminobutyric acid (GABA)-dependent inhibition'®*?
The result is an increase in neural excitability within the dorsal horn
that enhances both motor responses and, if ascending circuits are
intact, nociceptive signals to the brain.

Within the SCI literature, a central question concerns, How SCI
leads to chronic pain? We ask a different question, How does acute
nociceptive input affect SCI? What we will show is that nociceptive
stimulation caudal to injury can inhibit adaptive plasticity, enhance
cell loss at the site of injury, and foster the development of chronic
pain. We suggest that this work is clinically relevant because many
spinal injuries are accompanied by other forms of tissue damage
(polytrauma) that engage nociceptive fibers. If the SCI is severe,
peripheral tissue damage caudal to injury may not elicit conscious
pain. Nonetheless, the incoming nociceptive signals will provide an
afferent barrage that can overexcite nociceptive circuits within the
spinal cord, triggering a cascade that impacts the extracellular mi-
lieu (e.g., the release of proinflammatory cytokines) and gliopathy. '
The result, we will show, is an increase in secondary injury.

While our focus will be on the acute effects of nociceptive
stimulation, it is important to note that nociceptive stimulation can
also impact spinal function after the injury process has resolved.
Potential sources of noxious input include stretching, functional
electrical stimulation (FES) to prevent foot drop and to reduce
muscle atrophy, and peripheral inflammation/sores. These sources
of noxious input can both sensitize nociceptive circuits and disrupt
physical rehabilitation®*2° A particularly good example of this was
recently provided by Bouffard and colleagues, who evaluated the
impact of nociceptive stimulation (induced by a capsaicin cream
applied to the ankle) on locomotor performance in humans.?® Al-
though capsaicin treatment had little immediate impact on loco-
motor performance, it disrupted the positive transfer (retention)
typically observed across days—it impaired motor memory.

We will show that maladaptive plasticity is not an inevitable
consequence of noxious stimulation. Rather, how a nociceptive
stimulus is processed is regulated by learning. In general, a stimulus
that is applied in a controllable/predictable manner has little adverse
effect on spinal function and may, in some cases, promote adaptive
plasticity. Our work shows that noxious stimulation can have an
adverse effect when it is applied in an uncontrollable/unpredictable
manner. Of course, this conclusion mirrors decades of work ex-
ploring how environmental events impact brain-dependent aversive
states and stress. What is perhaps surprising is that the same func-
tional rules govern how stimuli affect neural circuits within the spinal
cord and, as we will show, this has relevance to recovery post-SCI.

Spinal Neurons Can Encode Environmental Relations

Since 1990, our laboratory has been exploring how environ-
mental relations affect spinal nociceptive plasticity.”’2° We have
shown that spinal neurons can encode the relationship between
stimuli (a form of temporal predictability) and that a behavioral
response is related to an environmental outcome (a form of be-
havioral control). Learning about temporal predictability can be
studied using a classical (Pavlovian) conditioning paradigm
wherein a cue (the conditioned stimulus [CS]) predicts another
event (the unconditioned stimulus [US]).*° Temporal predictability
can also be introduced by presenting a cue at regular (equally
spaced) intervals. Behavioral control is studied by introducing a
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FIG. 1.

Mechanisms that contribute to nociceptive sensitization within the spinal cord. (A) A simplified schematic of key nociceptive

pathways. Nociceptive afferents project to the spinal dorsal horn and can engage both a motor response (blue) and ascending fibers that
relay pain signals to the brain. Descending pathways (green) regulate nociceptive processing within the dorsal horn. (B) Intense
nociceptive input can induce a bilateral overexcitation within the dorsal horn that enhances motor reactivity and pain signals to the
brain. (C) Nociceptive input engages glutamatergic neurons within the dorsal horn that can produce a lasting modification in neural
excitability through signal pathways analogous to those involved in brain-dependent learning and memory. Akt, protein kinase B;
AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; BDNF, brain-derived neurotrophic factor; CaMKII, calci-
um/calmodulin activated protein kinase II; ERK, extracellular signal-regulated kinase; GluR2, glutamate receptor 2; IL-1J, interleukin-1
beta; IP3, inositol 1,4,5-trisphosphate; mGluR, metabotropic glutamate receptor; NMDAR, N-methyl-D-aspartate receptor; PKC,
protein kinase C; PLC, phospholipase C; TrkB, tropomyosin receptor kinase B; TNF, tumor necrosis factor; TNFR1, TNF receptor 1.
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relationship between a particular response (R) and an environ-
mental outcome (O; aka, the reinforcer). For example, a behavioral
contingency can be introduced by applying a noxious shock to the
hindlimb of a rat whenever that leg is in an extended position. Over
time, learning can elicit an increase in flexion duration that mini-
mizes net shock exposure. Learning about R-O relations is referred
to as instrumental conditioning (for a discussion of the distinction
between operant and instrumental learning, see Grau®"). Notice that
both Pavlovian and instrumental conditioning are defined by the
relation between two events, a stimulus-stimulus (S-S) or R-O re-
lation, respectively. In this way, the learning differs from single
stimulus learning (e.g., habituation and sensitization). What we will
show is that learning about an environmental relation affects no-
ciceptive sensitization. (We use relation rather than association
because the latter term has mechanistic implications that may not
apply to spinal learning.*?)

Spinal neurons are sensitive to response-outcome
relations

Twenty years ago, it was generally accepted that spinal neurons
are sensitive to Pavlovian relations.**** What was not clear is
whether the brain was needed to learn about response-outcome (R-O)
relations.?” While there were some positive reports,*> the results
had been dismissed on the basis of methodological flaws.*”>® Re-
cognizing that instrumental conditioning was relevant to physical
therapy,®® we worked to develop a paradigm that would address past
criticisms.*® Our work shows that spinal neurons can support a
simple form of instrumental conditioning and provides a useful assay
for assessing how experimental treatments affect spinal function.

In order to demonstrate learning without input from the brain,
the spinal cord was completely transected at the second thoracic
(T2) vertebra. A day after surgery, animals are placed in opaque
plastic tubes that provide access to the hindlimbs. Leg position (the
R) is monitored by means of a contact electrode that is taped to the
base of the rat’s paw. When the leg is in a relaxed position, the rod
touches the underlying salt solution, which completes a circuit
monitored by a computer. Shock (the O) is applied to the tibialis
anterior muscle through a pair of electrodes and shock intensity is
adjusted to elicit a flexion force of 0.4-0.6 N. One group of rats
(Master) then receives shock whenever the leg is extended. Ani-
mals in a second group (Yoke) are experimentally coupled to the
master rats. Each animal in the yoked condition receives shock at
the same time as its master partner, equating both the duration and
distribution of shock exposure. Rats are typically given 30 min of
training and learning is quantified by calculating average flexion
duration in 1-min time bins. On this measure, a rat that exhibits a
response duration of 60 sec is maintaining its leg in a flexed position
for the entire time bin. Conversely, response durations near zero
indicate poor learning.

We find that (master) rats given controllable shock exhibit a
progressive increase in flexion duration that reduces net shock
exposure.*® Rats that receive shock independent of leg position
(yoked) do not exhibit an increase in flexion duration, which im-
plies that the increase in flexion duration observed in the master
condition depends upon the R e position)~Olshock onsen Telation. Fluid
height and flexion force are then re-equated and the rats are tested
under common conditions with controllable stimulation. Interest-
ingly, the results here are identical irrespective of whether animals
are tested on the same (ipsilateral) or opposite (contralateral) limb.
In both cases, rats that had previously received controllable stim-
ulation learn more rapidly (positive transfer) than the naive (un-
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shocked) controls.*! Surprisingly, yoked rats, that had previously
received uncontrollable stimulation, fail to learn.*? This failure
occurs even though these rats exhibit the highest rate of responding;
they repeatedly encounter the R-O relation, but it fails to induce an
increase in response duration.

Recognizing that the inhibition of plasticity could have clinical
implications, we further explored this phenomenon. To do so, we
developed a computer program that generated a variable intermit-
tent shock (VIS) schedule that emulated the distribution of shocks
produced by a typical master rat. Shocks (80 ms) are presented
approximately 2sec apart at varying intervals (0.2-3.8 sec; rect-
angular distribution). Just 6 min of VIS to the leg or tail produces a
learning impairment that lasts 48 h.*' The implication is that un-
controllable stimulation generally inhibits spinal learning, a
learning deficit reminiscent of learned helplessness.*®

Exposure to controllable stimulation has the opposite effect on
learning potential. This was shown by testing animals using a higher
response criterion, achieved by adding solution to the underlying
container (to submerge the contact electrode by 8 mm rather than the
usual 4). Increasing the response criterion in this manner makes the
task so difficult that naive controls fail to learn.*! However, rats that
have previously received 30 min of controllable shock, either to the
same or opposite leg, generally learn when tested with a higher
response criterion. This suggests that training with controllable
stimulation enables adaptive plasticity (for a discussion of how this
work relates to the application of FES, see Hook and Grau**).

Spinal neurons are sensitive to temporal relations

Subsequent work revealed that spinal learning impacts noci-
ceptive circuits within the spinal cord and influences the develop-
ment of central sensitization.* ™’ As we will see, in the process of
exploring these interactions, we uncovered an additional form of
spinal learning.

Nociceptive stimuli can engage both myelinated A fibers and
unmyelinated C fibers. To explore the cell types engaged, we at-
tached shock electrodes to the sciatic nerve and varied shock in-
tensity (volts).*® Low-intensity shocks engage just A fibers,
whereas higher intensities are needed to recruit a robust C-fiber
response. Rats were given shock bursts (80 msec) to the sciatic
nerve on a variable schedule (0.2-3.8 sec; mean=2). After 6 min of
stimulation, the capacity for instrumental learning was tested by
applying response-contingent shock to the contralateral leg. We
found that electrical stimulation of the sciatic nerve only induced a
learning impairment when shock intensity was set to an intensity
that induced a robust C-fiber response (for additional evidence that
C fibers play a critical role, see Baumbauer and colleagies*®).

Another variable known to regulate the development of plas-
ticity is shock frequency.>® To explore how this factor influences
spinal learning, we made a seemingly subtle change to our stimu-
lation paradigm: Instead of presenting the shocks on a variable
schedule, we presented them in a regular (fixed spaced) manner
2 sec apart. Notice that doing this introduces a form of temporal
predictability. Because the capacity to time is typically linked to
brain mechanisms,”' we assumed that this change would not matter.
Indeed, when animals received 6 min of shock (180 shocks), both
variable and fixed spaced intermittent shock produced a learning
impairment. However, when shock number was increased to 900,
only variable shock induced a learning impairment.**>> For rats
given fixed spaced shock, continued exposure (an additional 720
stimuli) had a restorative effect that eliminated the learning im-
pairment induced by the initial 180-360 shocks.
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These results imply that spinal neurons can discriminate fixed
and variable stimulation—that they have some capacity to track
temporal relations. We have investigated the mechanisms that
underlie these effects and shown that a central spinal system can
abstract regularity across a break in time (savings) even when the
locus of stimulation is varied.’>>* We have suggested that regular
stimulation has a distinct effect because it entrains a spinal oscil-
lator, possibly related to the central pattern generator (CPG) that
drives the tempo of stepping. Behaviorally, the results imply that
the impact of nociceptive stimulation is modulated by both tem-
poral predictability and behavioral control. Our work also shows
that variable stimulation has a distinct, opponent-like, effect on
spinal plasticity. As we have noted, ™ variable noxious input may
engage a distinct category of physiological effects because the
pattern of neural activity elicited emulates the erratic firing ob-
served in C fibers in response to peripheral inflammation.®'® The
implication is that the consequences of afferent input depend upon
both the fiber type(s) engaged and the pattern of neural activity.

Our interest in spinal cord plasticity was initially motivated by
the question of whether spinal neurons could support some simple
forms of learning. The idea that stimulus exposure could induce a
lasting reduction (habituation) or increase (sensitization) in neural
excitability/motor reactivity was not in doubt.>”>’ Of greater in-
terest and controversy was whether spinal neurons can encode the
relationship between two events and whether this has a lasting
(memory-like) effect on spinal function. Our results show that
spinal neurons are sensitive to both behavioral (R-O) and temporal
relations and that experience with these relations has a lasting effect
on how spinal neurons operate.

Relational learning depends upon the N-methyl-D-
aspartate receptor and engages brain-derived
neurotrophic factor

Naturally, given the discovery of NMDAR-mediated spinal
plasticity,'>'® we examined whether spinally mediated instru-
mental learning is affected by pre-treatment within an NMDAR
antagonist.**>® Here, and in subsequent experiments, drugs are
typically applied to the rostral lumbosacral spinal cord by means of
an intrathecal (i.t.) catheter. We found that i.t. application of a
competitive ((2R)-amino-5-phosphonovaleric acid; APV), or non-
competitive (MK-801), NMDAR antagonist disrupted instrumental
learning in a dose-dependent manner. Similarly, pre-treatment with
MK-801 disrupts learning about temporal relations.>>

More recently, we have begun to explore the neurochemical
systems that mediate the long-term effects of training. In collabo-
ration with Gémez-Pinilla and colleagues,’ we showed that training
with controllable stimulation upregulates the expression of a num-
ber of genes related to synaptic plasticity, including brain-derived
neurotrophic factor (BDNF), calcium/calmodulin activated protein
kinase II (CaMKII), and the gene transcription factor, cyclic aden-
osine monophosphate response element-binding protein (CREB).
Exposure to uncontrollable stimulation had the opposite effect.

Controllable stimulation also increases BDNF protein within the
lumbosacral tissue. To explore the functional consequences of
this increased expression, we pretreated rats with the BDNF se-
questering antibody, TrkB-IgG (tropomyosin receptor kinase B
immunoglobulin G). TrkB-IgG had little effect on performance
when rats were trained with the usual (4 mm) response criterion.>
We then raised the response criterion (to 8 mm). As usual, pre-
trained vehicle-treated rats were able to learn. Inhibiting BDNF
function with TrkB-IgG eliminated the beneficial effect of pre-
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training. Finally, we applied BDNF before testing with a high re-
sponse criterion. As expected, naive rats that received the vehicle
could not learn when the response criterion was made more diffi-
cult, whereas animals pretreated with BDNF were able to learn.>
The results show that training with controllable stimulation induces
the expression of BDNF, which enables learning.

In summary, we have shown that neurons within the lumbosacral
spinal cord are sensitive to R-O and temporal relations, that con-
trollable stimulation enables learning, and that uncontrollable/un-
predictable stimulation inhibits adaptive plasticity. Further, both
processes appear to regulate plastic potential independent of whe-
ther rats are tested on the pre-trained or opposite limb. As we have
discussed elsewhere,’! the enabling/inhibition of plasticity appears
to be related to the concept of metaplasticity, because the phe-
nomena have a long-term effect, regulate the capacity to change
(plasticity), and are reversible.®'%*

Relational Learning Modulates the Effect of Noxious
Stimulation

Uncontrollable/unpredictable stimulation induces
nociceptive sensitization

Given the neural complexity of the spinal central gray, and ev-
idence of learning in simpler invertebrates,®” it is not surprising that
spinal neurons can encode the relationship between two events.
What seems more surprising is that the absence of a relation en-
gages an active process that undermines future learning. Of course,
it is well documented that brain systems are sensitive to whether an
event is controllable or uncontrollable and that temporal uncer-
tainty enhances stress.>*** Our work suggests that a lack of control/
predictability also has a unique effect on spinal function, which
impedes future learning. As we will see below, uncontrollable
stimulation also adversely affects recovery after a contusion injury.
Given the clinical importance of this finding, we sought to further
characterize how VIS affects spinal function. Our work shows that
spinal injury disrupts descending fibers that regulate spinal noci-
ceptive circuits (Fig. 1A), setting the stage for nociceptive sensi-
tization (Fig. 2A).

Our initial hypothesis was that uncontrollable/unpredictable
stimulation impairs learning because it inhibits neural activity in
nociceptive circuits. Because past studies had shown that nociceptive
processes are regulated by opioid peptides,®>%® we tested whether the
learning impairment induced by VIS could be blocked with an opioid
antagonist (naltrexone).” Administration of naltrexone before test-
ing eliminated the learning impairment induced by VIS in spinally
transected rats, implying that the expression of the learning impair-
ment is opioid mediated. To examine whether opioids also play a
critical role in the induction of the learning impairment, spinally
transected rats were given naltrexone before VIS and tested 24 h
later. Blocking opioid receptors at the time of initial shock exposure
had no effect.®” This pattern of results implies that the mechanisms
engaged at the time of VIS exposure, and that underlie the induction
of a lasting modification, are not identical to those involved in the
expression of the learning impairment at the time of testing; the latter
involves an opioid-dependent process whereas the former does not.
Further studies have shown that learning is inhibited by a ligand that
acts at the kappa opioid receptor.5®

Reasoning that the inhibition of plasticity could be mediated by
GABA, we tested the effect of the GABA type A (GABA-A) re-
ceptor antagonist, bicuculline. We found that bicuculline admin-
istered before testing blocked the expression of the learning
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FIG. 2. Induction and regulation of nociceptive sensitization after spinal injury. (A) Spinal injury can disrupt descending fibers that
normally quell overexcitation within the dorsal horn, enabling development of central sensitization. (B) Relational learning can
attenuate nociceptive sensitization and enable adaptive plasticity. Learning depends upon cues that indicate a nociceptive stimulus
occurs at a particular position (the R) or time. (C) Variable intermittent shock (red) enhanced reactivity to mechanical stimulation in
spinally transected rats. (D) Application of capsaicin to one hindpaw impaired instrumental learning. Spinally transected rats were tested
by applying response-contingent shock to the contralateral hindleg. In the absence of capsaicin treatment (white circles), training
induced a progressive increase in flexion duration that reduced net shock exposure. Application of capsaicin (green circles) impaired
learning. (E) Past exposure to controllable stimulation blocked the development of capsaicin-induced EMR. Spinally transected rats had
received 30 min of instrumental training (Master, green), or nothing (Unshk, red), before the application of capsaicin to the same limb.
Subjects were then tested by applying mechanical stimuli (von Frey) to the plantar surface of the injected and uninjected paw. Capsaicin
treatment induced EMR in naive (unshocked) subjects. Previous experience with controllable stimulation (Master) attenuated this effect.
(F) Previous training with controllable stimulation blocked the capsaicin-induced learning impairment. Spinally transected rats were
given 30 min of instrumental training (Master, green), or nothing (Unshocked, red), before the application of capsaicin to the same limb.
Subjects were then tested by applying response-contingent shock to the contralateral leg. Capsaicin treatment impaired learning in the
naive (Unshocked) subjects. Past experience with controllable stimulation eliminated this learning impairment. EMR, enhanced me-
chanical reactivity.
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impairment in a dose-dependent manner.®® Surprisingly, adminis-
tration of bicuculline also blocked the induction of the learning.

Other data, however, appeared to challenge the hypothesized link
between the learning impairment and neural inhibition. We had
previously shown that exposure to a long/intense continuous shock
induces an inhibition of nociceptive reactivity (antinociception) in
spinally transected rats.%>7® If exposure to VIS impairs learning be-
cause it inhibits nociceptive processing, it, too, should attenuate re-
activity to noxious stimuli. Contrary to our hypothesis, VIS did not
induce antinociception.*! Instead, it enhanced reactivity to mechan-
ical stimulation applied to the plantar surface of the paw (Fig. 2C).*¢
As discussed above, EMR is associated with the sensitization of
nociceptive circuits and the development of chronic pain.”'® These
observations suggested that exposure to VIS might impair learning
because it induces a state akin to central sensitization, a lasting
NMDAR-dependent overexcitation within the dorsal horn.*®

In the hippocampal literature, it has been shown that diffusely
saturating NMDAR-mediated plasticity blocks the development of
LTP in selective pathways.”' Likewise, saturating NMDAR-
mediated plasticity within the spinal cord could impair learning that
requires a selective modification within a particular stimulus-
response (S-R) pathway. This alternative account suggests that
pretreatment with an NMDAR antagonist should block the induc-
tion of the learning impairment. To test this idea, we administered
MK-801 i.t. before spinally transected rats received VIS to the
tail.* The next day, after the drug had cleared the system, rats were
tested with controllable shock applied to one hindlimb. We found
that MK-801 blocks the induction of the learning impairment in a
dose-dependent manner.

If VIS impairs learning because it induces a central sensitization-
like state, then treatments that induce this state should impair in-
strumental learning. Supporting this, we have shown that peripheral
application of an irritant (capsaicin, formalin, or cFA) impairs in-
strumental learning (Fig. 2D).*~*” Moreover, while the EMR and
peripheral effects elicited by a moderate concentration of capsaicin
fade within hours, the inhibition of learning lasts at least 24 h, an
outcome that parallels the long-term effect of VIS.*'*

The realization that the learning impairment is tied to nociceptive
sensitization suggested a wealth of new ideas regarding the under-
lying neurochemical systems, concepts that built upon decades of
work detailing the signal pathways that contribute to central sensi-
tization.” These links also highlighted the potential role of non-
neuronal cells, which contribute to the gliopapthy that promotes
nociceptive sensitization.'>’>”* Of particular interest was the cy-
tokine, TNF, which has been linked to the metaplasticity and traf-
ficking of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors (AMPARs) to the active zone of the synapse.m’77
If the learning impairment observed after VIS depends upon the
release of TNF, then i.t. application of TNF should substitute for
shock treatment and inhibit learning. Huie and colleagues showed
that this was true.”® Further, like VIS, pretreatment with TNF induces
alasting (>24 h) learning impairment. Conversely, pretreatment with
asoluble TNFreceptor (sTNF), that sequesters free TNF, blocks both
the induction and the expression of the learning impairment induced
by VIS.”®

Relational learning counters nociceptive sensitization

An important implication of our work is that the impact of a
noxious stimulus depends upon whether it is presented in a pre-
dictable/controllable or unpredictable/uncontrollable fashion. Rats
that have received controllable noxious stimulation do not exhibit
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EMR.* Likewise, rats given an extended exposure to regular
(temporally predictable) shocks are hypo-, rather than hyper-, re-
active to mechanical stimulation.’® We have also shown that ex-
posure to controllable/predictable stimulation has a lasting
protective/restorative effect that counters the development of
central sensitization.*>*>>37%80 Eor example, Michelle Hook
showed that training with controllable stimulation blocks the EMR,
and learning impairment, induced by peripheral treatment with
capsaicin (Fig. 2E,F),* implying that relational learning attenuates
the development of nociceptive sensitization (Fig. 2B).

We have also tested whether instrumental training can have a
restorative effect that re-establishes the capacity to learn. To ex-
plore this issue, we needed a way to temporarily turn off the ex-
pression of the deficit. This was achieved by administering the
opioid antagonist, naltrexone.®” As noted above, naltrexone blocks
the expression, but not the induction, of the learning impairment.
Using this pharmacological approach, we gave capsaicin-treated
rats 30 min of instrumental training. When tested the next day (after
the naltrexone had cleared the system), we found that rats that had
received capsaicin alone exhibited a learning impairment.*> Im-
portantly, this effect was eliminated by an intervening period of
instrumental training.

Other studies have linked the protective/restorative effect of
controllable stimulation to the expression of BDNF. Supporting
this, pretreatment with i.t. BDNF can prevent, and reverse, the
induction of the learning impairment induced by VIS.®® Con-
versely, the beneficial effect of instrumental training is blocked by
i.t. application of the BDNF sequestering antibody, TrkB-IgG.

Parallel studies have been conducted examining the influence of
temporal predictability. Baumbauer and colleagues showed that an
extended exposure to shocks (720-900) presented at a regular (2-
sec) interval induces a lasting protective effect that counters the
learning impairment and EMR induced by capsaicin.”>® The in-
duction of this lasting (24-h) effect has been shown to depend upon a
form of NMDAR-mediated plasticity and protein expression. The
expression of the protective effect has been linked to BDNF.>
Therapeutically, these observations are of interest because tempo-
rally regular stimulation could have a restorative effect in the ab-
sence of drug treatment or the capacity to perform a motor response.

Spinal Injury Sets the Stage for Nociceptive
Sensitization

Descending serotonergic fibers quell nociceptive
sensitization

Evidence suggests that brain-dependent processes normally quell
the development of nociceptive sensitization through descending
serotonergic fibers.”'®'™* Given this, it is not surprising that in-
termittent nociceptive stimulation has little effect on spinal plas-
ticity if it is given before spinal transection.®® This brain-dependent
protective effect has been related to serotonergic neuromodulation
tied to fibers that descend through the dorsolateral funiculus
(DLF).}” To explore the role of these fibers, rats received bilateral
lesions of the DLF. The next day, rats were given VIS. The spinal
cord was then transected and animals were tested in our instrumental
learning paradigm 24 h later. As expected, VIS given before spinal
injury had no effect on learning. In contrast, VIS induced a robust
learning impairment in rats that had the DLF bilaterally lesioned.®®

If the key descending fibers are serotonergic, i.t. application of a
serotonergic agonist should have a protective effect and block the
development of the learning impairment in spinally transected rats.
We explored this possibility by administering SHT, or a selective
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agonist, before VIS in spinally transected rats.3® When tested the next
day, we found pre-treatment with SHT, or a SHT,,,; agonist (8-
hydroxy-2-dipropylaminotetralin hydrobromide [§-OH-DPAT], i.t.),
blocked the induction of the learning impairment. Because activation
of the SHT, receptor has been shown to promote locomotor behav-
ior,28% we also tested DIO (5HT,) and quipazine (SHT,/3). Neither
blocked the induction of the learning impairment.5

Finally, we asked whether i.t. application of a SHT,, antagonist
(WAY 100635) blocks the brain-dependent protection of spinal cir-
cuits in uninjured rats.®® Intact rats received WAY 100635, or its
vehicle, before VIS and underwent a spinal transection 2 h later. As
expected, vehicle-treated rats that were given VIS before a spinal
transection showed no evidence of a learning impairment when tested
with controllable stimulation. Uninjured rats that received the SHT
1A antagonist before VIS exhibited impaired learning. Taken to-
gether, these observations show that descending SHT fibers within the
DLF normally exert a protective effect. Likewise, descending SHT
fibers have been shown to inhibit the development of spinally me-
diated LTP and cellular indices of nociceptive sensitization.>' !5

Injury transforms GABAergic regulation
of nociceptive circuits

We have built a strong case linking the learning impairment to the
induction of a central sensitization-like state. We have shown that
VIS induces EMR and that a variety of treatments known to produce
central sensitization (e.g., peripheral application of capsaicin) im-
pair learning.***® Building upon these similarities, we have dem-
onstrated that pharmacological manipulations that attenuate central
sensitization also block the VIS-induced learning impairment. We
have further shown that spinally mediated relational learning can
counter the learning impairment and EMR induced by capsaicin.

Our findings concur with the larger literature demonstrating that
brain-dependent processes regulate nociceptive circuits within the
spinal cord and act to quell sensitization.'®*> From this perspective,
SCI (and, in particular, damage to the descending serotonergic
processes) prepares the stage for the development of central sen-
sitization, by releasing the system from a source of inhibition. The
corollary to this is that spinally mediated nociceptive sensitization
may, under normal circumstances, only arise post-SCI—that SCI is
an essential premorbid condition.

How does the disruption of descending serotonergic fibers alter
spinal function, allowing nociceptive stimulation to induce a
learning impairment and EMR? One possibility is that SCI trans-
forms the cellular environment within the spinal cord, impacting
circuit function and setting the stage for nociceptive sensitization.
Recently, Yung-Jen Huang showed that these effects may be related
to an alteration in GABA function.’® Recall that we have shown that
administration of a GABA A antagonist (bicuculline) attenuates the
learning deficit.® At the time, this study was motivated by the idea
that VIS impaired instrumental learning because it engaged GA-
BAergic interneurons within the spinal cord that inhibited learning.
Consistent with this, we showed that bicuculline administered be-
fore testing blocked the expression of the learning impairment.®’
What seemed surprising is that the administration of bicuculline
before VIS blocked the learning impairment when rats were tested
241 later, after the drug had cleared the system. If GABA is in-
hibitory, why would removing a source of inhibition during VIS
block the development of the learning impairment? These obser-
vations seem even more paradoxical when they are coupled with our
subsequent data, linking the learning deficit to the development of
central sensitization. Indeed, if the latter claim has merit, our find-
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ings would appear to suggest that administration of bicuculline
would block the induction and expression of central sensitization.

At a conceptual level, the idea that blocking GABAergic inhi-
bition should attenuate overexcitation and central sensitization
made no sense. After all, administration of a GABA antagonist
typically enhances neural excitability and GABA agonists (e.g.,
muscimol) are routinely used to locally inhibit neural function. At an
empirical level, previous work has shown that pre-treatment with
bicuculline generally enhances reactivity to nociceptive stimulation
and neural excitability within the spinal cord.®*** We recently
replicated this observation, demonstrating that in uninjured rats i.t.
bicuculline per se enhances reactivity to tactile stimulation and, if
anything, promotes the development of central sensitization.”>*®

The problem here may lie with the assumption that GABA has an
inhibitory effect post-SCI. GABA function is regulated by two
cotransporters, K*-CI™ cotransporter 2 (KCC2) and Na*-K*-CI~
cotransporter 1 (NKCC1).%” The inward flow of CI™ is regulated by
NKCC1 whereas the outward flow is controlled by KCC2 (Fig. 3A).
In the adult nervous system, these cotransporters work together to
maintain a low intracellular concentration of CI". Under these
conditions, engaging the iontropic GABA-A receptor allows Cl™ to
flow into the cell, causing the hyperpolarization that underlies its
inhibitory effect on neural transmission. Interestingly, early in
development, the membrane-bound levels of KCC2 are much lower
and, as a result, the outward flow of CI™ is reduced.”®*° This leads
to a rise in intracellular CI” concentrations. The result is a flip in
GABA-A receptor function; when it is engaged, it allows CI to exit
the cell, which has a depolarizing effect.

Recent studies have shown that spinal injury can cause a
downregulation in membrane-bound KCC2, producing an increase
in neural excitability that has been linked to the development of
chronic pain.97’100’103 However, the focus of these studies was on
the development of spontaneous pain weeks post-injury. Our
question differed in two regards. First, we were concerned with the
acute effects of spinal injury and how this transforms the cellular
milieu (to affect plasticity, recovery, and pain). Second, we sought
to elucidate how an acute change in GABA function affects the
development of nociceptive sensitization. To address these issues,
we examined whether SCI induces a rapid shift in membrane-
bound KCC2.%%1% Adult rats received a spinal transection at T2 or
underwent a sham surgery. A day later, the lumbosacral tissue was
collected and separated into cytoplasmic and membrane fractions.
KCC2 levels were then assayed using western blotting. We found
that the ratio of membrane to cytoplasmic KCC2 was significantly
lower 24 h after a spinal transection.

Our claim is that a reduction in membrane-bound KCC2 will
reduce GABAergic inhibition. We tested this idea by comparing
the effect of a GABA agonist (muscimol) on mechanical reactivity
in sham-operated and spinally transected rats. As expected, i.t.
muscimol inhibited mechanical reactivity and the development of
capsaicin-induced nociceptive sensitization in sham-operated
rats.”®'% Spinal transection eliminated this inhibitory effect.

Next, we examined the impact of the GABA-A antagonist, bi-
cuculline, on capsaicin-induced EMR in spinally transected rats. In
the absence of injury, bicuculline induces a state akin to central
sensitization.”® Yet, after spinal injury, we are led to a very different
prediction. As noted above, we have shown that bicuculline blocks
the induction and expression of the learning impairment. We have
also shown that treatments that induce nociceptive sensitization
impair learning. If these phenomena are related, bicuculline should
attenuate the development of capsaicin-induced EMR in spinally
injured rats. We found that bicuculline has this effect.”®'%
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FIG. 3. GABA function is transformed by spinal injury. (A) In adult uninjured animals (left), the combined action of the co-
transporters KCC2 and NKCC1 maintain a low intracellular concentration of C1”. Engaging the GABA-A receptor allows CI” to flow
into the cell, causing the hyperpolarization that underlies its inhibitory effect. Spinal injury (right) lowers membrane-bound KCC2,
which reduces the outward flow of CI™ and increases intracellular CI” concentrations. Under these conditions, engaging the GABA-A
receptor can allow CI™ to exit the cell, which would have a depolarizing effect. Intracellular CI~ concentrations can be experimentally
manipulated in adult animals using drugs that disrupt KCC2 (DIOA) and NKCC1 (bumetanide) function. In intact animals, DIOA
retards the outward flow of CI™ through the KCC2 channel, which increases intracellular CI” concentrations (bottom). In spinally
transected animals, bumetanide lowers the flow of CI™ into the cell, reducing the intracellular CI” concentration. (B) In uninjured
animals, GABAergic neurons within the spinal cord are engaged by afferent nociceptive input and may provide a form of negative
feedback, which would help prevent overexcitation. After spinal injury, the reduction in membrane-bound KCC2 would transform how
GABA release affects nociceptive circuits, causing it to have a depolarizing [excitatory (+)] effect that could contribute to the
development of nociceptive sensitization. Excitatory (glutamatergic) transmitters are indicated in blue and inhibitory (GABAergic)
transmitters are colored red. (C) Summary of how alternative treatments affect capsaicin-induced EMR and ERK activation in uninjured
and spinally injured rats. Stronger effects are indicated with a double arrow. A dashed line indicates that a drug treatment has no effect.
(D) The task used to examine how alterations in spinal GABA function affect pain signals relayed to the brain. Behavioral data indicated
that lesioning the DLF transformed how i.t. bicuculline affects capsaicin-induced EMR, causing it to have an anti-allodynic-like effect.
If this modification also alters pain signaling to the brain, i.t. bicuculline should attenuate capsaicin-induced pain and reduce its capacity
to support a conditioned aversion. To evaluate this possibility, DLF-lesioned and sham-operated rats were given bicuculline or its
vehicle i.t. before capsaicin treatment and being placed in one of two distinctive contexts. Each subject received both types of
conditioning trials, which were spaced across days. Both treatment order and which environment was paired with bicuculline were
counterbalanced across subjects. Rats were then given a choice between the two conditioning chambers. As predicted, DLF-lesioned rats
preferred the environment where they had experienced i.t. bicuculline before capsaicin treatment. If anything, sham-operated rats
exhibited the opposite preference. BDNF, brain-derived neurotrophic factor; DIOA, dihydro-indenyl-oxy alkanoic acid; DLF, dorso-
lateral funiculus; EMR, enhanced mechanical reactivity; ERK, extracellular signal-regulated kinases; GABA, gamma-aminobutyric
acid; GABA-A, GABA type A; i.t., intrathecal; KCC2, K*-CI™ cotransporter 2; NKCCI1, Na*-K*- CI” cotransporter 1.

As discussed above, nociceptive sensitization within the spinal
dorsal horn is associated with increased expression of the tran-
scription factor, c-fos, and the phosphorylation of ERK. To reinforce
our behavioral data, we examined the impact of bicuculline treat-
ment on these cellular markers.”® Qur assays revealed two inter-
esting findings. First, the magnitude of c¢-fos expression and ERK
activation (the ratio of pERK to ERK) in response to capsaicin
treatment was generally greater after spinal injury. Second, the
impact of i.t. bicuculline on these cellular indices of central sensi-
tization paralleled our behavioral data; i.t. bicuculline attenuated c-
fos and pERK expression in spinally transected, but not intact, rats.

We have reinforced our findings using drug manipulations that
target the KCC2 and NKCC1 cotransporters.”®'%* If SCI transforms

how bicuculline acts because it reduces membrane-bound KCC2,
then blocking KCC2 function in uninjured rats with dihydro-
indenyl-oxy alkanoic acid (DIOA) should produce the same
effect.'™ As predicted, pretreating intact rats with DIOA (i.t.)
eliminated bicuculline-induced EMR and reversed its effect on
capsaicin-induced EMR, yielding a pattern identical to that observed
post-SCL%® This line of thought also suggests that we could com-
pensate for an injury-induced downregulation of membrane-bound
KCC2 by administering a drug, bumetanide, that disrupts NKCC1
function. Because bumetanide reduces the inward flow of CI, it
lowers intracellular CI” concentrations and acts to re-establish
GABAergic inhibition.'® This suggests that bumetanide should
reverse how bicuculline affects nociceptive reactivity. As predicted,
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bicuculline enhanced mechanical reactivity in injured rats pretreated
with bumetanide (i.t.) and failed to block capsaicin-induced EMR,”®
a pattern of results that parallels the effect of bicuculline in uninjured
rats. By helping to restore GABAergic inhibition post-injury, bu-
metanide treatment could have therapeutic value.

It is easy to see how a loss of GABAergic inhibition after spinal
injury would eliminate bicuculline-induced EMR—we just need to
assume that GABA release provides a source of tonic inhibition. An
injury-induced downregulation in KCC2 would attenuate this in-
hibitory effect and reduce the bicuculline-induced EMR. What is
more difficult to explain is why bicuculline blocks capsaicin-
induced EMR after spinal injury. The implication is that GABA 1is
playing an essential role in the induction of nociceptive sensitiza-
tion. As discussed elsewhere,”® there are a variety of potential ac-
counts of this effect. One simple possibility is illustrated in
Figure 3B, which assumes that a subset of GABAergic interneurons
provides a form of negative feedback in the uninjured system. Here,
nociceptive input would engage GABAergic neurons that project
back to regulate afferent input, reducing transmitter release and/or
depolarization in fibers that drive motor output and nociceptive
signaling. In the uninjured system, this negative feedback could
function to regulate the development of nociceptive sensitization
and serve to prevent overexcitation. Post-injury, the down-
regulation of KCC2 would eliminate this brake on nociceptive
transmission and, to the extent GABA now has a depolarizing ef-
fect, contribute to the development of nociceptive sensitization.
The implication is that, after spinal injury, GABA could function as
a kind of gas pedal rather than a brake. From this perspective,
bicuculline blocks the induction of central sensitization, and the
resultant learning impairment, because it disables this gas pedal.

Our results may also be relevant to studies examining the effect
of injury during early development. Young and colleagues showed
that rats given a peripheral injury (removal of a small flap of tissue
from the plantar surface of one hindpaw) at postnatal day 2 exhibit
EMR when tested at 12 weeks of age.'% This effect survived a
spinal transection, implying that the early injury produced a lasting
change in spinal function. Further, the EMR observed in injured
rats was accompanied by an impairment in spinal learning.'?%!%7
Early injury may have these effects because the GABAergic system
is still maturing, with lower levels of membrane-bound KCC2 and
reduced inhibition. The resultant state would be analogous to that
observed post-SCI, enabling noxious input to have a more-robust
and longer-lasting effect.

Injuries limited to the dorsolateral funiculus transform
GABA and nociceptive signaling

We argued earlier that the brain regulates the development of
spinally mediated nociceptive sensitization through serotonergic
fibers within the DLF. The loss of this input could contribute to the
transformation in GABA function. To explore this possibility, we
assessed the impact of i.t. administration of a SHT,, agonist (8-
OH-DPAT, i.t.) on KCC2 in spinally transected rats. We found that
the drug increased membrane-bound KCC2 levels and transformed
how bicuculline affects nociceptive reactivity, yielding a pattern of
results indicative of increased GABAergic inhibition.'® Con-
versely, i.t. administration of a SHT; 4 antagonist (WAY 100635)
flipped how bicuculline affected nociceptive reactivity in uninjured
rats, generating a pattern of results identical to those obtained after
spinal transection. Finally, lesions limited to the DLF are sufficient
to downregulate membrane-bound KCC2 and switch how i.t. bi-
cuculline affects nociceptive sensitization.'®
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The fact that GABA function can be transformed by DLF lesions
has allowed us to address an issue that was otherwise impossible to
tackle. Our claim is that an injury-induced reduction in spinal KCC2
promotes the development of nociceptive sensitization because
GABA has a depolarizing effect. If this is true, administration of a
GABA-A antagonist should attenuate both capsaicin-induced EMR
and nociceptive transmission to the brain. Under these conditions,
bicuculline should reduce, rather than enhance, pain. Because DLF
lesions appear to downregulate KCC2, while preserving ascending
sensory fibers, we can use this manipulation to investigate how an
alteration in spinal levels of membrane-bound KCC?2 affects brain-
dependent measures of pain signaling. We addressed this issue using
a place conditioning paradigm.'®"''° Rats received bilateral lesions
of the DLF or a sham surgery.''® Over the next 2 days, they were
given bicuculline, or its vehicle, before capsaicin was applied to one
hindpaw and being placed in a distinct chamber (black or white;
Fig. 3D). In this type of conditioning task, experimental treatments
that enhance the affective impact of a nociceptive stimulus promote
the development of a conditioned aversion to cues associated with
the experience. Conversely, treatments that reduce pain attenuate
aversive conditioning. To examine how bicuculline treatment af-
fected conditioning, we then allowed the rats to choose between the
black and white chambers. As expected, sham-operated rats showed
an aversion to the chamber that was paired with bicuculline, im-
plying that the drug treatment had enhanced pain. Rats that had
received lesions limited to the DLF showed the opposite pattern of
results; they preferred the bicuculline paired chamber, implying that
the drug treatment had attenuated pain.'%

Injury transforms how brain-derived neurotrophic factor
affects nociceptive processing

We showed above that relational learning has a protective/re-
storative effect that counters the learning impairment and EMR
induced by capsaicin.***>® The former effect was linked to an
upregulation of BDNF. Supporting this, we showed that exogenous
BDNF blocks the induction of the learning impairment in spinally
transected rats.®° If the learning impairment and EMR are linked to
a common process (central sensitization), then exogenous BDNF
should also block capsaicin-induced EMR. Recently, we reported
this pattern of results in spinally transected rats.''' However, others
have argued that BDNF fosters the development of central sensi-
tization and linked this effect to a downregulation in membrane-
bound KCC2.""?""'5 These opposing findings suggest that spinal
injury transforms how BDNF affects spinal function. However,
because the studies differed on many dimensions (e.g., dose, time
of testing), no strong conclusions could be drawn. We addressed
this issue by comparing the impact of i.t. BDNF in spinally trans-
ected and sham-operated rats. BDNF downregulated membrane-
bound KCC2 in intact (sham-operated) rats and had the opposite
effect post-SCL''® Likewise, BDNF enhanced mechanical reac-
tivity and capsaicin-induced EMR in sham-operated rats, but at-
tenuated capsaicin-induced EMR after spinal injury. In simple
terms, in uninjured rats, i.t. BDNF produces an effect similar to that
produced by spinal injury—generating a cellular environment
conducive to the development of nociceptive sensitization. In
contrast, after spinal injury, BDNF appears to have a homeostatic-
like effect that helps to restore GABAergic inhibition. Under these
conditions, BDNF counters the development of nociceptive sensi-
tization. These observations suggest that the usefulness of BDNF as
a therapeutic will depend upon injury severity. BDNF may gener-
ally promote spinal functions soon after a severe contusion injury or
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when descending fibers are cut. In contrast, when damage to des-
cending fibers is minimal, or has recovered, membrane-bound
KCC2 and GABAergic inhibition will return to normal. As it does,
increased BDNF expression could promote nociceptive sensitiza-
tion and the development of chronic pain.

We have shown that spinal injury, and the loss of descending
SHT fibers, brings about a change in membrane-bound KCC2 that
alters GABAergic function (Fig. 3C). SCI also transforms the ac-
tion of BDNF; in intact animals, BDNF expression promotes the
development of nociceptive sensitization, whereas after spinal
transection, BDNF counters overexcitation and promotes spinally
mediated 1earning.59’60 Here, too, the transformation in function
was related to alterations in membrane-bound KCC2. These results
are consistent with other findings demonstrating that SCIl-induced
spasticity is related to a BDNF-dependent reduction in membrane-
bound KCC2."°' These neurochemical processes also appear to
contribute to the allodynia observed in diabetic rats.""” It has been
suggested that the opposing effects of BDNF on KCC2 may be
related to phospholipase C-y (PLC-y), an effector of TrkB signal-
ing; BDNF upregulates KCC2 in the presence of PLC-y, but
downregulates KCC2 when PLC-y is absent.''®!'® Further work is
needed to elucidate the essential signal pathways and how they
transform BDNF function.

Implications for Recovery After a Contusion Injury

Our work suggests that noxious stimulation has an exaggerated
effect on nociceptive circuits post-SCI that drives overexcitation,
fosters the development of nociceptive sensitization, and interferes
with spinally mediated learning. Because the consequences of
uncontrollable/unpredictable stimulation are long-lasting, and be-
cause nociceptive sensitization can lead to chronic pain, we have
suggested that it represents an example of maladaptive plasticity.%°
Conversely, learning about temporal and R-O relations appears
adaptive in nature because it enables selective response modifica-
tions that reduce net exposure to noxious stimulation and has a
lasting protective/restorative effect that counters the development
of nociceptive sensitization (Fig. 2B)."*°

We have detailed how these processes work using a transection
paradigm, demonstrating that learning can occur without input
from the brain.?’>'2'2! This work reinforces the idea that
physical rehabilitation can benefit recovery after severe injury by
engaging spinal circuits caudal to injury.**'>> Our work also re-
minds us that noxious stimulation can impact neural function in the
absence of pain reports and that its adverse effect can be minimized
by presenting stimuli in a predictable/controllable manner. In the
sections that follow, we show that these findings are also relevant to
recovery after a contusion injury.

Uncontrollable nociceptive stimulation
impairs recovery

Our hypothesis was that unregulated nociceptive input caudal to
a contusion injury could induce a state of neural overexcitation that
enhances cell loss, impairs recovery, and promotes chronic pain. To
explore these issues, rats received a lower thoracic contusion in-
jury.'> A day post-injury, we applied VIS to the tail. Locomotor
function, and other indices of behavioral recovery, were then as-
sessed over the next 6 weeks.'>> Our moderate injury produced a
disruption in motor function that waned over the subsequent 2
weeks, with some recovery of weight-supported stepping (Fig. 4A).
Nociceptive stimulation caused an acute decline in performance
and impaired behavioral recovery. We have recently shown that
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peripheral application of capsaicin to one hindpaw a day post-
injury has a similar effect.'**

To explore whether the effect of noxious stimulation varies over
time, separate groups of rats received VIS 1, 4, or 14 days after a
contusion injury.'?® We found that nociceptive stimulation has a
greater effect when given 1-4 days post-injury. This suggests that
stimulation affects long-term recovery because it impacts processes
(e.g., secondary injury; Fig. 4B) that are triggered by the primary
physical injury and that unfold over hours to days post-injury.

A basic implication of our work is that the impact of noxious
stimulation is regulated by relational learning; that uncontrollable
stimulation engages a form of maladaptive plasticity whereas the
same stimulus given in a controllable manner has no adverse effect.
To explore whether learning also regulates the effect of noxious
stimulation on recovery, one group (Master) of contused rats was
given controllable leg shock. Rats in a second group (Yoked) were
experimentally coupled to the master rats and received shock at the
same time and for the same duration. We found that only uncon-
trollable stimulation adversely affects locomotor recovery.'>

To evaluate the effect of uncontrollable nociceptive stimulation
on nociceptive processing,'?’ we assessed reactivity to mechanical
stimulation applied to the hindpaw. As reported by others, enhanced
mechanical reactivity emerged 2-4 weeks post-injury alone
(Fig. 4C), an effect that has been related to the development of
allodynia and chronic pain.”"'*® Rats that had received nociceptive
stimulation a day after a contusion injury exhibited an EMR that
emerged sooner (at 7 days) and that was significantly stronger 2—4
weeks post-injury.'>

Other indices of recovery reinforce the idea that nociceptive input
soon after injury has a damaging effect. Both the recovery of weight
and bladder function were impaired in contused rats that received
shock.'* Nociceptive stimulation also increased the incidence of
spasticity and reduced the amount of tissue (white and gray matter)
spared at the site of injury. An increase in tissue loss again implies
that noxious input affects the development of secondary injury.

Noxious stimulation reduces brain-derived
neurotrophic factor and increases tumor necrosis
factor

In spinally transected rats, we have related the beneficial effect
of controllable/predictable stimulation to an upregulation of BDNF
expression within the lumbosacral region and shown that uncon-
trollable stimulation downregulates BDNF messenger RNA
(mRNA) levels. In contused rats, BDNF mRNA expression was
downregulated 48 h post-injury and protein expression was lowered
from 1 to 8 days.'?” More important, nociceptive stimulation fur-
ther reduces BDNF mRNA expression at 24 h and BDNF protein
from 1 to 7 days after shock treatment. BDNF interacts with the
TrkB receptor and it, too, was downregulated by injury per se.
Nociceptive stimulation further reduced TrkB mRNA expression
within the dorsal horn at 24h and protein 1-7 days after shock
treatment. Signal pathways engaged by BDNF (e,g., CaMKII and
ERK?2) were also downregulated within the dorsal horn by noci-
ceptive stimulation.'>’

We have related the learning impairment to an upregulation of the
cytokine, TNF.”® TNF is of particular interest because it can foster
neural excitation, the development of central sensitization and cell
death, and is associated with the development of neuropathic pain in
humans.”*"""'?® Garraway and colleagues showed that nociceptive
stimulation increases TNF mRNA from 1 to 7 days in contused
rats.'?> TNF protein expression was enhanced within 1 h of noxious



Downloaded by Texas A & M Univ from www.liebertpub.com at 09/05/18. For persona use only.

1884 GRAU ET AL.

A Nociceptive Stimulation Impairs Recovery B Nociceptive Stimulation Increases 2° Injury

escending

Pain Brain

127
114
A Unshocked
9-
4
8 ;
3, Injury
€ 6 ——4 900 Shocks
s ] "
2 5 T ‘ 180 Shocks Nociceptive
3 44 il
B Sensitizat, Spinal
2 St ord
14 otor 2
> Responses<

0 é -; é fll 1’0 'I.Z 'I.4 1’8 1‘8 2‘(! 2‘2 2’4 2‘3 2‘8 3’0 3‘2 3‘4 3‘5 3’8 4‘0 4‘2
D i . 5 F . -
Sy Feniuy D Nociceptive Stimulation = Blood in Samples

Unshocked _Sho_t_:ked_

T VT

C Nociceptive Stimulation Enhances Allodynia

154 Sham Operated
B 5 E Nociceptive Stimulation Increases Hemorrhage
= 54
Q
% Unshocked Shocked
£ %
Tgu Contused-->Unshocked E?
g 61 g
2 b
&
s

w
1

Contused-->Shock

0

T

Pre-treatment Day 7 Day 14 Day 28

FIG. 4. Impact of nociceptive stimulation on recovery and secondary injury. (A) Nociceptive stimulation after a contusion injury
impaired the recovery of locomotor function. VIS (180 or 900 shocks, red) was applied to contused rats a day after injury and locomotor
function was monitored for 6 weeks using the BBB locomotor scale.'>*'®® Unshocked rats (white circles) exhibited some recovery of
weight-supported stepping. Animals that had received VIS exhibited an acute decline in locomotor function and never recovered to the
same level as the Unshocked controls. (B) After a contusion injury, nociceptive stimulation can sensitize nociceptive circuits caudal to
injury and expand the region of secondary injury (yellow). (C) Relative to unshocked sham-operated rats (blue), unshocked contused
rats (white circles) are more responsive to mechanical stimuli applied to the plantar surface of a hind paw 2—4 weeks post-injury. Rats
that had received nociceptive stimulation (Shock, red) exhibited an EMR that emerged sooner (at 7 days) and was more robust at 2—4
weeks post-injury. (D) Nociceptive stimulation induces hemorrhage at the site of injury. One day after a contusion injury, rats received
6 min of VIS (Shocked) or nothing (Unshocked). Samples collected 3 h after shock treatment were tinted red. (E) Representative
hematoxylin and eosin—stained sections from contused rats that had received nociceptive stimulation (Shocked), or nothing (Un-
shocked), 3 h earlier. Shock treatment increased the area of hemorrhage at the site of injury. BBB, Basso, Beattie, Bresnahan; EMR,
enhanced mechanical reactivity; VIS, variable intermittent stimulation.

stimulation and remained elevated for 24 h. Immunolabeling re-
vealed that noxious stimulation induced heavy labeling for TNF in
the superficial dorsal horn. Labeling was colocalized with a marker
for microglia, but not neurons or astrocytes.'*

TNF can engage either TNF receptor 1 (TNFR1) or receptor 2
(TNFR2). These two receptors differ in how they are activated by
TNF, distributed within the spinal cord, and their presumed func-
tion.'?*"** TNFR1 is activated by sTNF and has been linked to both
proinflammatory effects and programmed cell death (apoptosis).
TNFR?2 is activated by membrane-bound TNF and has been linked
to anti-inflammatory/protective processes after neural insult.
Whereas TNFR1 is constitutively expressed within a number of cell
types throughout the spinal cord, TNFR2 is largely restricted to
hematopoietic and endothelial cells.'**'*® Because exogenously
applied sTNF can substitute for VIS and induce a lasting learning
impairment, we have suggested that the adverse effect of nocicep-
tive stimulation is tied to TNFR1.”® Engaging this receptor could
foster the development of maladaptive plasticity by increasing the
expression of Ca™-permeable AMPARs.'** TNFR1 activation
could also contribute to cell loss post-injury by promoting apoptosis

through the activation of the caspase-8/caspase-3 signaling path-
way.'*137 To explore this possibility, Garraway and colleagues
assessed caspase expression after a contusion injury.'®> Caspase
8 mRNA and protein expression were increased 7-28 days post-
injury. However, soon after injury, only rats given VIS exhibited
increased caspase-8 expression. Likewise, injury per se increased
the expression of the active forms of caspase-3 (12 and 17 kDa) and
this effect was observed 7 days post-injury. Exposure to nociceptive
stimulation a day after injury caused a rapid increase in caspase-3
expression that emerged within an hour and remained elevated for
24 h. Immunolabeling revealed caspase-3 expression in neurons and
microglia, but not astrocytes, 24 h after nociceptive stimulation.'?
These results suggest that nociceptive stimulation leads to increased
cell loss at the site of injury because it induces apoptosis.

Noxious stimulation induces cell death
and hemorrhage

Recent studies suggest that an alternative form of cell death,
pyroptosis, may also contribute to cell loss after SCI.138-140
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Pyroptosis is linked to the formation of an inflammasome that pro-
motes activation of caspase-1 and the release of interleukin-1 beta
(IL-18) and interleukin-18 (IL-18). These processes upregulate the
expression of TNF and lead to the formation of 1- to 2-nm plasma
membrane pores that allow the entry of molecules (e.g., Ca*™) that
initiate cell lysis. This induces a form of positive feedback that can
drive overexpression of TNF, promote cell death, and foster the
development of central sensitization.'” To explore whether noci-
ceptive stimulation induces pyroptosis at the site of contusion injury,
Turtle and colleagues assessed caspase-1, IL-18, and IL-18 expres-
sion. Caspase-1 expression was increased 1, 3, and 24 h post-VIS.'*!
Likewise, nociceptive stimulation activated IL-18 and IL-18. A
similar pattern was observed in contused rats treated with the irritant
capsaicin applied to one hindpaw a day post-injury. Taken together,
it appears that nociceptive stimulation promotes pyroptosis as well as
apoptosis. We are currently exploring whether drug treatments (e.g.,
administration of Brilliant Blue G) that attenuate pyroptotic cell
death reduce the adverse effect of noxious input post-SCL

In the course of conducting these cellular assays, Joel Turtle
made a surprising observation—that homogenized tissue samples
from rats that had received nociceptive stimulation were tinted red
(Fig. 4D).'** Naturally, he hypothesized that this was related to the
infiltration of red blood cells. Supporting this, he showed that
samples from animals that had received nociceptive stimulation
exhibited greater absorbance at the wavelength (420 nm) associated
with this cell type. A similar effect was observed in contused rats
that were treated with the irritant, capsaicin.'** Protein assays for
hemoglobin confirmed that rats that had received nociceptive
stimulation had higher levels. To further explore these effects,
Melissa Brumley examined tissue sections stained with hematox-
ylin and eosin.'** She found that nociceptive stimulation increases
the area of hemorrhage in contused rats (Fig. 4E).

Tissue hemorrhage post-SCI reflects the combined effect of the
primary injury (primary hemorrhage) and subsequent processes
that expand the affected region (secondary hemorrhage). The latter
effect involves progressive hemorrhagic necrosis (PHN), which is
linked to a catastrophic failure of capillary structure.'** This effect
has been tied to the expression of sulfonylurea receptor 1/transient
receptor potential melastatin 4 (Surl-Trpm4) channels in endo-
thelial cells, which triggers necrotic cell death and capillary frag-
mentation. Preliminary data indicate that nociceptive stimulation
after a contusion injury increases Surl-Trpm4 expression.'** This
observation suggests that treatments that inhibit Surl-Trpm4 acti-
vation (e.g., glibenclamide) could attenuate the adverse effect no-
ciceptive stimulation has on recovery. Our findings are consistent
with other work demonstrating that noxious input increases the
permeability of the blood—spinal cord barrier in uninjured rats,'*>
This effect could interact with SCI to produce PHN.

Lidocaine, but not morphine, blocks the effect of acute
noxious input

Many SCIs are accompanied by additional sources of tissue
damage (polytrauma) that will provide a source of noxious input,
which, we have shown, can impair recovery by enhancing cell loss
at the site of injury. We hypothesized that the adverse effect of
noxious input could be attenuated using an opiate analgesic. To test
this hypothesis, we administered a dose of morphine that com-
pletely blocked nociceptive reactivity to a noxious thermal stimulus
applied to the tail.'"* Morphine treatment also blocked behavioral
reactivity to intermittent shock in contused rats. Morphine did not,
however, block the effect of shock on locomotor recovery. More
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alarming, morphine-treated rats that had received nociceptive
stimulation exhibited a higher rate of mortality and this effect
emerged days after drug treatment. Further work showed that
morphine per se, when applied i.t. a day post-injury, adversely
affects behavioral recovery, and increases tissue loss, in contused
rats. These effects have been linked to IL-18 expression and the
activation of the kappa opioid receptor.'*”"'*® We have also shown
that morphine treatment does not attenuate shock-induced PHN or
the expression of cytokines related to pyroptotic cell death.'*®

As an alternative treatment, we have examined the impact of the
Na* channel blocker, lidocaine, administered i.t. 30 min before no-
ciceptive stimulation.'*® Like morphine, lidocaine completely
blocked behavioral reactivity to shock stimulation in contused rats.
Unlike morphine, lidocaine also blocked shock-induced hemorrhage
and the expression of TNF, IL-16, IL-18, and caspase 3. Finally,
shock treatment had no adverse effect on behavioral recovery in
contused rats pretreated with i.t. lidocaine. These observations sug-
gest that i.t. lidocaine may provide a clinically safe method to counter
the adverse effects of nociceptive input on tissue post-injury.

Brain-dependent processes contribute to tissue loss
and impaired recovery

Our research has relied upon two model systems to explore spinal
function: a transection paradigm used to examine plastic potential in
the lumbosacral tissue in the absence of brain input and a contusion
paradigm that has explored the implications of this work for re-
covery post-injury. The latter has focused on how nociceptive input
affects tissue at the site of injury, rostral to the lumbosacral spinal
cord. Our results suggest that noxious stimulation can enhance acute
and chronic pain, undermine plastic potential, and impair recovery
after a contusion injury.'>>'?> At the cellular level, we have un-
covered some important similarities; both the induction of mala-
daptive plasticity in spinally transected rats and impaired recovery/
enhanced pain after a contusion injury are associated with a re-
duction in BDNF and increased expression of TNF.'?>"'*’ Likewise,
the inhibition of adaptive learning has been linked to kappa opioid
activity and research indicates that engaging this receptor system
can undermine recovery after a contusion injury 5815131

Although the effects of nociceptive stimulation on lumbosacral
function after spinal transection, and secondary injury after a
contusion injury, are related, they are not identical. One difference
is that the effect of uncontrollable/unpredictable shock on tissue
sparing in contused rats is permanent whereas its effect on learning
in spinally transected rats is reversible—it fades over time and the
capacity for learning can be reinstated by a variety of treatments
(e.g., i.t. BDNF, bicuculline, naltrexone, or sSTNF),*:60-67:69.78 g
reversibility mirrors the effect nociceptive stimulation has on
adaptive plasticity/locomotor performance in the chronic phase of
injury, after the period of secondary injury has passed.>*>¢

A second key difference concerns the initiation of these effects.
In spinally transected rats, the induction of a learning impairment
requires 6 min or more of VIS (180 shocks).*! In contrast, we have
found that as little as 72 sec of VIS (36 shocks) can affect the
recovery process after a contusion injury. Indeed, even the irrita-
tion/inflammation associated with a peripheral cutaneous injection
may have some effect on tissue sparing in contused rats.'** The fact
that relatively little shock exposure induces hemorrhage, and
thereby irreversibly harms spinal function, suggests that noxious
stimulation will adversely affect spinal function in the acute stage
of injury irrespective of whether it occurs in a regular or irregular
manner. This is predicted because encoding temporal regularity
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within the lumbosacral spinal cord requires extended stimulus ex-
posure (540 or more shocks), far more than that needed to induce
hemorrhage. Here, behavioral control may be more effective be-
cause neural systems within the spinal cord seem ‘‘pre-wired”’ to
detect R-O relations,'*® which may serve to gate how a nociceptive
stimulus is initially processed.

A final key difference stems from a recent discovery. At issue
was whether spared fibers regulate the impact of nociceptive
stimulation after a contusion injury. To explore this issue, Josh
Reynolds contused the lower thoracic spinal cord as described
above.'”? Eighteen hours later, half the rats had the spinal cord
transected at T2 whereas the remaining rats underwent a sham
surgery. Six hours later, half the animals in each condition received
VIS to the tail and tissue was collected 3 h later. As expected, VIS
enhanced hemorrhage at the site of the contusion injury. To our
surprise, this effect was abolished by a rostral transection.'>> The
results imply that the adverse effects of nociceptive stimulation at
the site of injury involve additional, brain-dependent, processes.

To further explore the potential role of spared fibers, Anne Bopp
applied lidocaine rostral to a contusion injury, before nociceptive
stimulation. She found that this treatment attenuated the adverse effect
of shock treatment.'>® Likewise, inducing a state of surgical anes-
thesia before shock treatment had a protective effect.'>* These ob-
servations imply that the acute effect of noxious stimulation on
secondary injury depends, in some manner, upon communication
with the brain. Given this, Kara Hudson examined whether noxious
stimulation applied rostral to a contusion injury (to a forelimb) would
affect recovery. Her preliminary results suggest that it does not.'>
One interpretation of these findings is that the adverse effect of no-
ciceptive stimulation on recovery depends upon two processes—no-
ciceptive input caudal to injury and a brain-dependent system. We are
currently exploring the mechanisms that contribute to the latter effect.

Summary

We have shown that spinal neurons, without input from the
brain, can learn about causal (R — O) and predictive (S — S) rela-
tions and that this learning modulates how a noxious input affects
spinal function.'?® Our work shows that uncontrollable/unpredict-
able nociceptive stimulation induces a form of maladaptive plas-
ticity that impairs spinal learning and enhances reactivity to
mechanical stimulation. These effects were related to the induction
of central sensitization and the upregulation of TNFE.”880:124 Ex_
posure to controllable/predictable stimulation fosters spinally me-
diated learning and has a lasting protective/restorative effect that
counters the EMR and the learning impairment induced by both
VIS and capsaicin.*>3¢ The beneficial effects of relational
learning were linked to an upregulation of BDNF.®*'? These
findings are consistent with other studies demonstrating that exer-
cise, and locomotor training, enhance BDNF expression and can
reduce behavioral signs of pain.'>¢!5?

Spinal injury places the spinal cord in a vulnerable state that
enables the development of nociceptive sensitization. Injury ap-
pears to have this effect because it disrupts SHT fibers within the
DLE.®%% The loss of this input leads to a downregulation of
membrane-bound KCC2 and a loss of GABAergic inhibition.
These changes can alter how GABAergic drugs impact spinal
function. Further, in the presence of high intracellular CI” con-
centrations, GABA can have a depolarizing effect that contributes
to the development of nociceptive sensitization.

Noxious input impairs the recovery of locomotor function,
and enhances the development of chronic pain, after a contusion
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injury.'?*!?> These effects are only observed if shock is given in an
uncontrollable manner soon after injury and are related to a reduc-
tion in BDNF, and an increase in TNF, at the site of injury.m’125
Nociceptive input leads to increased tissue loss by increasing the
extent of hemorrhage and apoptotic/pyroptotic cell death. Morphine
treatment does not block these effects and has an adverse effect that
increases tissue loss and mortality.'*®!*® Intrathecal lidocaine
completely blocks the adverse effect of noxious input after a con-
tusion injury and may provide an effective therapeutic treatment.'*’

How nociceptive stimulation affects spinal function post-injury
depends upon a variety of factors, including spared fibers and time
post-injury.'>*"'>? Prolonged uncontrollable/unpredictable noci-
ceptive stimulation caudal to a thoracic injury induces a state of
maladaptive plasticity within the lumbosacral tissue that sensitizes
nociceptive circuits and interferes with adaptive learning.*® These
effects are most evident when injury disrupts communication with
the brain and may continue to impact spinal function long after the
initial insult.®® Less-severe uncontrollable noxious input soon after
a contusion injury can have an additional effect that undermines
long-term recovery by increasing the area of secondary injury.'**
Here, a brain-dependent process appears to potentiate tissue loss.'>>

Our results show that nociceptive input can affect neural func-
tion in the absence of reported pain. Further, treatments that reduce
psychological pain (e.g., morphine) can have unintended conse-
quences that undermine long-term prognosis. In the acute phase of
injury, treatments that inhibit the development of nociceptive
sensitization (e.g., i.t. lidocaine) could promote tissue sparing and
lower the incidence of chronic pain. Whereas the effects of noci-
ceptive input on cell death wane over the weeks post-injury, un-
controllable/unpredictable input caudal to injury may continue to
induce a state of maladaptive plasticity that undermines the bene-
ficial effects of physical therapy and promotes pain. During the
chronic phase of injury, presenting stimuli in a predictable/con-
trollable manner could promote adaptive plasticity and attenuate
the adverse consequences of noxious stimulation.
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