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Abstract

Evidence is reviewed that behavioral training and neural injury can engage metaplastic processes
that regulate adaptive potential. This issue is explored within a model system that examines how
training affects the capacity to learn within the lower (lumbosacral) spinal cord. Response-
contingent (controllable) stimulation applied caudal to a spinal transection induces a behavioral
modification indicative of learning. This behavioral change is not observed in animals that receive
stimulation in an uncontrollable manner. Exposure to uncontrollable stimulation also engages a
process that disables spinal learning for 24-48 hrs. Controllable stimulation has the opposite effect;
it engages a process that enables learning and prevents/reverses the learning deficit induced by
uncontrollable stimulation. These observations suggest that a learning episode can impact the
capacity to learn in future situations, providing an example of behavioral metaplasticity. The
protective/restorative effect of controllable stimulation has been linked to an up-regulation of
brain-derived neurotrophic factor (BDNF). The disruption of learning has been linked to the
sensitization of pain (nociceptive) circuits, which is enabled by a reduction in GABA-dependent
inhibition. After spinal cord injury (SCI), the co-transporter (KCC2) that regulates the outward
flow of CI" is down-regulated. This causes the intracellular concentration of CI- to increase,
reducing (and potentially reversing) the inward flow of CI- through the GABA-A receptor. The
shift in GABA function (ionic plasticity) increases neural excitability caudal to injury and sets the
stage for nociceptive sensitization. The injury-induced shift in KCC2 is related to the loss of
descending serotonergic (5HT) fibers that regulate plasticity within the spinal cord dorsal horn
through the SHT-1A receptor. Evidence is presented that these alterations in spinal plasticity
impact pain in a brain-dependent task (place conditioning). The findings suggest that ionic
plasticity can affect learning potential, shifting a neural circuit from dampened/hard-wired to
excitable/plastic.
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1. Introduction

Learning in response to environmental stimulation can impact both the performance of a
particular response and the capacity to learn when challenged by new environmental
relations. The latter effect suggests that training can induce a lasting alteration (a form of
plasticity) that impacts plastic potential, a phenomenon known as metaplasticity (Abraham,
2008, Hulme et al., 2013). The concept of metaplasticity emerged from studies examining
factors that influence the development of long-term potentiation (LTP) and depression (LTD)
using electrophysiological techniques (Abraham and Bear, 1996). In general, shifts in the
development of LTP/LTD have been related to alterations in synaptic function, with a
particular focus on the neurotransmitter glutamate and the degree to which this ligand elicits
a response in the postsynaptic cell, mediated by the AMPA and NMDA receptors. This line
of work has revealed that stimulation can induce a lasting modification that impacts the
magnitude and direction of synaptic change (synaptic plasticity), and has linked these
alterations to ligands that impact AMPA and NMDA receptor function (Abraham, 2008).

In the present review we take a more top-down approach to the topic of metaplasticity. We
begin with a set of behavioral phenomena that reveal how a learning episode can impact
future learning, demonstrating a form of learning to learn (behavioral metaplasticity)
(Schmidt et al., 2013, Grau et al., 2014). After we unpack the criteria for invoking these
concepts, we will illustrate how the observations apply to a simple form of spinally-
mediated learning. We will show that neurons within the lower (lumbosacral) spinal cord are
sensitive to behavioral relations and that this learning affects the capacity to learn when the
system is challenged with new environmental events. We will unpack how concepts derived
from the study of brain-dependent learning and memory, as well as from the pain literature,
inform our understanding of spinal cord plasticity. Spinal learning depends upon a form of
NMDA receptor (NMDAR) mediated plasticity and involve ligands known to affect LTD/
LTP, such as brain derived neurotrophic factor (BDNF) and tumor necrosis factor (TNF)
(Stellwagen and Malenka, 2006, Grau, 2014, Grau et al., 2014). Further work has revealed
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that plastic potential within the spinal cord is modulated by descending fibers that regulate
the inhibitory action of the neurotransmitter GABA (Grau et al., 2016, Huang et al., 2016,
Grau et al., 2017). We review how a shift in GABA-dependent inhibition (ionic plasticity)
allows spinal learning and promotes the sensitization of pain (nociceptive) fibers. The work,
we believe, challenges some long-standing beliefs—spinal circuits are not fixed and GABA
does not, in adult animals, uniformly inhibit neural function. We suggest that the lessons
learned from a detailed analysis of plasticity within the spinal cord may inform our views of
how neural function is regulated more generally.

2. Metaplasticity

Abraham and Bear (1996) put forth the concept of metaplasticity to capture a set of
electrophysiological observations. Here, the plasticity of interest concerns a synaptic
modification, with an emphasis on factors (e.g., the trafficking of AMPARS) that affect the
response elicited within the postsynaptic cell, that modulate the development of LTP and
LTD. Interestingly, prior events can affect the development of this plasticity. Because the
initiating event engages a lasting modification (a form of plasticity), that affects the
development of synaptic plasticity in response to subsequent stimulation, the phenomenon
was characterized as a kind of plasticity of plasticity (meta-plasticity) (Abraham, 2008). For
example, a short burst of stimulation within area CA1 of the hippocampus produces a
transient potentiation that decays within ten min. Yet, when a stronger stimulus is applied
twenty min later, LTP is inhibited (Huang et al., 1992). Importantly, this was observed even
though the initial electrophysiological response within the postsynaptic cell was unchanged
at the time of testing. Rather, what was seemingly altered was the magnitude of synaptic
modification produced by the postsynaptic activity (depolarization). This type of
modification can be represented within a model that relates the development of LTP/LTD to
postsynaptic neural activity (Bienenstock et al., 1982). In this framework, metaplasticity
involves a shift in the relation between the postsynaptic response and the consequent
synaptic modification (Fig. 1A) (Abraham, 2008). For example, treatment with a mGlu
agonist or TNF can foster the development of LTP, producing a leftward shift in the function
relating postsynaptic activity to alterations in synaptic efficacy. A shift of this type can
emerge from either an intrinsic alteration within the stimulated circuit (homosynaptic
metaplasticity) or through the activation of an additional (extrinsic) process that regulates
plastic potential (heterosynaptic metaplasticity). By engaging an extrinsic process,
heterosynaptic metaplasticity can impact neural plasticity in other circuits.

A defining feature of metaplasticity is that it has a lasting effect (Abraham and Bear, 1996).
This is important because many forms of stimulation can engage an unlearned
(unconditioned) response that acutely modulates neural plasticity but fades soon after the
event has ended. Another key feature concerns the relation between the target effect (the
change in the synaptic function) and the processes that underlies metaplasticity. At issue is
whether or not the initiating event has a lasting effect simply because it induces a subtle
modification in a common process (e.g., increasing the density of AMPARSs in the active
zone of the postsynaptic membrane). Additivity of this sort can be difficult to rule out in
cases where the priming and test events involve the same (intrinsic) circuit. The issue is of
less concern when the initiating event affects other (extrinsic) neural circuits. Elsewhere we
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have suggested another key feature of metaplasticity is reversibility (Grau et al., 2014). Are
the cellular processes that underlie the learning still (potentially) functional? Treatments that
have a lasting effect because they are cytotoxic, and thereby eliminate the capacity for
learning, do not represent examples of metaplasticity. To demonstrate metaplasticity, the
effect of our experimental treatment needs to be reversible (e.g., by a drug antagonist)

More recently, the concept of metaplasticity has been extended to a range of behavioral
phenomena that impact the capacity to learn when the organism is challenged by new
environmental events (Schmidt et al., 2013). It is assumed here that behavioral
metaplasticity reflects an alteration in neuronal function (neural plasticity), that this may
involve either a presynaptic or postsynaptic modification, and that non-neuronal cells
(astrocytes and microglia) may play a role. In behavioral terms, the claim is that an initial
learning episode can impact the capacity to learn in future situations, a kind of learning to
learn (Sehgal et al., 2013, Grau et al., 2014). This can affect learning in two obvious ways
(Fig. 1B): By promoting subsequent learning (positive transfer) or disrupting it (negative
transfer).

Behavioral metaplasticity is assumed to have a lasting effect, where lasting is typically
defined on the order of hours to weeks (Grau et al., 2014). As with cellular metaplasticity,
care needs be taken to assure that the modification in the rate of learning is not simply due to
a kind of additivity, wherein an alteration induced by the first learning episode simply adds
to (or subtracts from) a common process when the organism is challenged to learn a second
time. For example, we would not want to claim that learning to turn left in a T-maze for a
food reward has a metaplastic effect because it interferes with later learning to turn right for
reward. In this case, the motor response established by the first learning episode could
simply interfere with learning to perform the new response. Rather, behavioral
metaplasticity involves cases wherein the initial training allows for the abstraction of a new,
qualitatively distinct form of learning—establishing a memory that impacts the capacity for
learning when the organism is later challenged with new environmental events/tasks (Fig.
1C). Again, it is also important to show that the metaplastic modification is reversible and
not due to factors such as cell death and/or injury.

3. The plastic spinal cord: A simple model system

In exploring whether neurons within the lumbosacral spinal cord can learn, we discovered
that training can have a lasting effect on adaptive potential (Grau et al., 2006). To understand
how our findings implicated a kind of behavioral metaplasticity, we need to introduce how
spinal learning has been studied. Spinal neurons can support a range of basic learning
phenomena, including single stimulus learning (habituation and sensitization), Pavlovian
conditioning, and instrumental learning (Grau, 2014). Here, we will focus on just two kinds
of learning: sensitization due to exposure to a noxious stimulus (Willis, 2001, Ji et al., 2003,
Latremoliere and Woolf, 2009, Sandkuhler, 2009) and learning about response-outcome
(instrumental) relations (Grau et al., 1998, Grau et al., 2006).

It was recognized decades ago that exposure to a noxious stimulus, which engages pain
(nociceptive) fibers, can facilitate the performance of a spinal reflex after communication
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with the brain has been surgically interrupted by means of a rostral transection (Thompson
and Spencer, 1966, Groves et al., 1969). More recently, research has shown that the
activation of unmyelinated (C) nociceptive fibers can sensitize neurons within the dorsal
horn of the spinal cord, a phenomenon known as central sensitization (Latremoliere and
Woolf, 2009). Interestingly, the induction of central sensitization can enhance behavioral
reactivity to non-noxious mechanical stimulation and transform how the stimulus is
perceived, causing it to generate pain (Simone et al., 1989). This phenomenon is known as
allodyniaand is a hallmark of neuropathic pain. Neurobiological studies have linked
centrally-mediated nociceptive sensitization to the development of LTP and NMDAR-
mediated plasticity (Sandkuhler, 2009). From this view, the induction of central sensitization
has a lasting effect because it lays down a kind of pain memory within the dorsal horn.
Evidence suggests that the induction and maintenance of this memory depends upon signal
pathways analogous to those involved in learning and memory within the brain (Ji et al.,
2003).

The discovery that spinal neurons support NMDAR-mediated plasticity and the development
of LTP implied a capacity to learn. Building on these insights, we explored the functional
limits of this system, demonstrating it could support a range of Pavlovian phenomena
(reviewed in Grau et al., 2014). Because the notion that spinal neurons may be sensitive to
response-outcome (instrumental) relations had proven controversial, and because this type of
learning seemed especially relevant to recovery after SCI, we focused our attention on this
form of learning. Our first aim was to determine whether spinal neurons, isolated from the
brain by means of a complete (thoracic) transection, are sensitive to response-outcome
relations (Grau et al., 1998). By performing the injury at a remote site [second thoracic
vertebra (T2)], we hoped that the injury per se would have a minimal effect on spinal
function. Treatment and/or testing is typically initiated the next day. Using this procedure,
we have found no evidence that a general process (e.g., spinal shock) interferes with learning
(Grau et al., 1998, Grau et al., 2006). Indeed, as we will see below, injury appears to
increase adaptive potential.

To elicit a behavioral response, shock is applied to one hindleg through electrodes implanted
into the tibialis anterior muscle, which drives a flexion response. Leg position is monitored
by taping a contact electrode to the rat's hindpaw. When the leg is relaxed, the electrode
touches an underlying salt solution, which completes a circuit monitored by a computer. In
our first experiment (Grau et al., 1998), one group of spinally transected rats (Master) was
given controllable shock for 30 min. For rats in this group, shock was applied whenever the
contact electrode touched the underlying solution. Master rats exhibited a progressive
increase in flexion duration that reduced net shock exposure (Fig. 2A). Rats in another group
were experimentally coupled (Yoked) to subjects in the master condition. Each rat in the
yoked group received shock at the same time, and for the same duration, as its master
partner. Because the yoked rat received the stimulation independent of leg position, the
shock was uncontrollable. Yoked rats did not exhibit an increase in flexion duration, which
suggests that the learning observed in the master rats depended upon the response (leg
position)-outcome (shock) relation.
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At the end of training, we re-equated response vigor and task difficulty across animals by
adjusting the shock intensity used to elicit a flexion response and the depth of the contact
electrode (used to monitor leg position). Animals were then tested animals for another 30
min with response-contingent (controllable) shock (Grau et al., 1998). We found that prior
training with controllable stimulation fostered learning relative to the untrained controls
(Fig. 2B). Interestingly, rats that had previously received the same amount of shock in an
uncontrollable manner failed to learn. Further work showed that degrading response-
outcome contiguity (by delaying the onset of shock) also disrupts learning (Grau et al.,
1998).

Our results show that spinal cord neurons are sensitive to R-O relations. We have suggested
that this learning depends upon the relation between an index of leg position (a
proprioceptive signal) and shock onset, and that the system is biologically prepared to detect
these relations (Grau et al., 2012). This is consistent with the view that proprioceptive input
is integrated online to form a temporal-spatial “image” to guide limb dynamics (Edgerton et
al., 2004). Our work is also consistent with the framework outlined by Windhorst (2007),
who suggested that motor function can be adjusted through a form of back-propagation
within the dendritic tree, mediated by NMDAR-dependent/Hebbian synaptic plasticity
(Windhorst, 2007).

4. Experience induces a metaplastic-like change in the capacity to learn

We recognized that the learning phenomena described above could be intrinsic to the trained
pathway (Crown et al., 2002a, Joynes et al., 2003). For example, exposure to uncontrollable
stimulation might interfere with later learning simply because it induced a kind of motor
fatigue, a peripheral modification that would undermine the performance of the target
response. To examine how uncontrollable stimulation affects the capacity to learn, we
developed a computer program that emulates the variable pattern of stimulation produced by
a typical master rat (Crown et al., 2002b). This program presents brief (100 msec) shocks on
a variable (0.2-3.8 s) schedule with a mean inter-stimulus interval (1SI) of 2 sec. We found
that just 6 min of variable intermittent shock (VIS) impaired learning when rats were tested
24-48 hrs later (Fig. 2C). Importantly, VIS applied to one hind leg impaired learning when
subjects were tested on the opposite (contralateral) leg (Joynes et al., 2003). Indeed, even
VIS applied to the tail induced a learning impairment. The fact that stimulation to one
dermatome affected learning when a distinct stimulus-response (S-R) circuit was tested
suggests that VIS has a general (extrinsic) effect on adaptive potential within the
lumbosacral spinal cord. To firmly establish that the learning impairment depended upon a
central modification, we blocked the sensory input from one hind leg by cutting the sciatic
nerve (Joynes et al., 2003). This eliminated the learning impairment induced by VIS applied
to that leg. Likewise, inactivating spinal neurons by applying the anesthetic lidocaine
[through an intrathecal (i.t.) catheter] prior to VIS blocked the learning impairment when
rats were tested the next day. Interestingly, i.t. administration of a NMDAR antagonist, or a
protein synthesis inhibitor, prior to VIS also blocked the induction of the learning
impairment (Patton et al., 2004, Ferguson et al., 2006). Taken together, these observations
suggest that the adverse effect of VIS on learning (i.e., maladaptive plasticity) is centrally
mediated and depends upon an NMDAR-dependent process.
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We performed a similar set of manipulations to confirm that adaptive response-outcome
(instrumental) learning also depends upon neurons within the spinal cord (Crown et al.,
2002a). Cutting the sciatic nerve prevented instrumental learning. Likewise, inactivating
spinal cord neurons with lidocaine blocked learning. So too did i.t. administration of a
NMDAR antagonist (Joynes et al., 2004). These findings imply that learning to perform an
instrumental response depends upon a centrally-mediated NMDAR-dependent process

Next, we explored the facilitation of learning observed after instrumental conditioning. We
reasoned that prior training might enable learning (positive transfer) when animals are tested
using a higher response criterion. To increase task difficulty, we raised the level of the
underlying solution, forcing animals to exhibit a stronger flexion response to terminate the
shock (Crown et al., 2002a). This manipulation made the task so difficult that previously
untrained animals could not learn (Fig. 2D). However, rats that had been previously trained
were able to learn and this was true when animals were tested on the pretrained (ipsilateral)
or opposite (contralateral) leg. The fact that instrumental training on one leg affects learning
when animals are tested on the opposite leg again implies that a process was engaged within
the spinal cord that has a general (extrinsic) effect on the capacity to learn.

Additional evidence that instrumental learning has a general effect on learning potential was
obtained when we assessed the interaction between instrumental conditioning and the
learning impairment. We found that prior exposure to controllable stimulation blocked the
adverse effect of VIS applied to the tail (Crown and Grau, 2001). Importantly, the protective
effect of instrumental training was evident when subjects were tested using the contralateral
leg. We also assessed the effect of instrumental training given after the learning impairment
was induced (Crown and Grau, 2001). To allow learning in VIS exposed animals, we
pretreated rats with an opioid antagonist (naltrexone). Prior work had shown that
administration of naltrexone blocks the expression, but not the induction, of the learning
deficit (Joynes and Grau, 2004). By blocking the expression of the deficit, we were able to
instrumentally train rats that had previously received VIS. We then tested rats the next day
(after the drug had cleared the system) by applying response-contingent shock to the
untreated (contralateral) leg. As usual, VIS to the tail induced a learning impairment. Rats
that had received instrumental training after VIS did not exhibit a learning impairment.

Our observations yield a coherent story, demonstrating that exposure to uncontrollable
stimulation induces a lasting learning impairment (Crown et al., 2002b). Controllable
stimulation has the opposite effect—it enables learning and blocks the learning impairment
(Crown and Grau, 2001, Grau et al., 2012). Both effects are lasting and involve a form of
NMDAR-mediated plasticity (Joynes et al., 2004, Ferguson et al., 2006). We have also
shown that uncontrollable, but not controllable, noxious stimulation impairs recovery after a
contusion injury and fosters the development of chronic pain (Grau et al., 2004, Garraway,
2014, Grau et al., 2017).

4.1 Brain derived neurotrophic factor (BDNF) enables learning

Studies examining brain-mediated plasticity have shown that the neurotrophin BDNF can
promote LTP, synaptic tagging, the trafficking of AMPARs, and memory consolidation,
mediating a form of metaplasticity that generally enhances the development of synaptic
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plasticity (Gottmann et al., 2009, Waterhouse and Xu, 2009). This concept has been related
to spinal cord function within the pain literature, where it has been shown that BDNF fosters
the development of central sensitization (Coull et al., 2005a, Merighi et al., 2008b, Lu et al.,
2009, Beggs and Salter, 2013). Other work has shown a benefit of locomotor training after
SCI and related this effect to increased expression of BDNF (Gomez-Pinilla et al., 2002,
Vaynman and Gomez-Pinilla, 2005, Boyce et al., 2007, Cote et al., 2011, Boyce et al., 2012,
Boyce and Mendell, 2014). These findings led us to hypothesize that BDNF might be
involved in the enabling effect of controllable stimulation. In collaboration with Gomez-
Pinilla, we showed that training up-regulates BDNF mRNA expression, and other plasticity-
related genes, that a protein (TrkB-1gG) that sequesters free BDNF blocks the enabling
effect, and that pretreatment with BDNF substitutes for training to enable learning when rats
are tested with a high response criterion (Gomez-Pinilla et al., 2007).

As noted above, instrumental conditioning has a protective effect that can block the
induction of a learning deficit (Crown and Grau, 2001). We showed that this effect too is
blocked by TrkB-1gG and that BDNF substitutes for training to restore the capacity to learn
(Huie et al., 2012b). Conversely, the beneficial effect of training after uncontrollable
stimulation is blocked by TrkB-1gG and treatment with BDNF can substitute for training to
restore the capacity to learn. BDNF also blocks the learning impairment when given
immediately before testing. Taken together, these findings show that training enables
learning, and counters the development of the learning deficit, because it increases BDNF
expression. Further work has linked the adverse effect that uncontrollable stimulation has on
recovery after a contusion injury to the down-regulation of BDNF (Garraway et al., 2011).

4.2 Tumor necrosis factor (TNF) disables learning

Others have suggested that BDNF and the cytokine TNF can have opposing effects on
synaptic plasticity (Stellwagen and Malenka, 2006). Given this, we explored whether the
learning impairment involves TNF. We showed that exposure to uncontrollable stimulation
induces a lasting (24 hr) increase in TNF protein, and that pretreatment with a TNF inhibitor
blocked both the induction and expression of the learning impairment (Huie et al., 2012a).
Furthermore, pretreatment with TNF produced a lasting learning impairment that was
evident 24 hrs later, and the expression of this deficit was blocked by a TNF inhibitor
administered prior to testing. Uncontrollable stimulation is also known to impair long-term
recovery after a contusion injury and foster the development of chronic pain. These effects
have been related to an up-regulation of TNF (Garraway, 2014).

Further research has shown that non-neuronal cells play an important role in the
development of the learning impairment (Vichaya et al., 2009). Supporting this, activating
glia with the toll-like receptor 4 (TLR4) agonist lipopolysaccharide (LPS) disrupted learning
for 24 hrs and the induction of the deficit by LPS or VIS was blocked by a glial inhibitor
(fluorocitrate). Fluorocitrate also blocked the induction of a learning impairment by TNF,
and a TNF inhibitor blocked the expression of the learning deficit produced by LPS (Fig. 3).

Additional work has implicated other neurochemical processes linked to the induction of
central sensitization, LTP, and metaplasticity, including the group | mGlu receptors (mGIuR)
(Neugebauer et al., 1999, Abraham, 2008, Grau et al., 2014). Pretreatment with drug
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antagonists that target the mGIluR1 (CPCCOEt) or mGIluR5 (MPEP) block the induction of
the learning impairment, and administration of a group 1 mGIuR agonist (DHPG) induces a
lasting learning impairment (Ferguson et al., 2008). However, in contrast to the effect of
TNF and LPS, we have not verified that the effect of DHPG treatment on learning can be
reversed.

4.3 Temporal predictability impacts learning potential

We have shown that exposure to uncontrollable stimulation disables learning and that
controllable stimulation has a restorative effect that can prevent and reverse the learning
impairment. Other studies have shown that temporal predictability can also engage a
metaplastic like effect (Baumbauer et al., 2009, Lee, 2015, 2016). This finding emerged
from studies examining how the induction of the learning impairment is related to stimulus
frequency (Baumbauer et al., 2008). We were mativated to explore this variable because it is
known to regulate the induction of LTD and LTP, with low frequency (e.g., 1 Hz) stimulation
favoring LTD whereas high frequency stimulation (e.g., 100 Hz) favors LTP (Malenka,
1994, Sandkuhler et al., 1997). Because it is more difficult to manipulate stimulus frequency
when shocks occur in a variable manner, we gave rats intermittent shock at fixed (regular)
intervals. Assuming that spinal neurons have no sense of time, we expected that this change
in our procedure would have no effect. As predicted, 180 shocks (6 min of stimulation)
induced a learning impairment independent of whether the stimuli occurred on variable time
(VT) or fixed time (FT) schedule. But when shock number was increased 5 fold (to 900
shocks, presented at the same frequency), only VT shock induced a learning impairment.
The fact that 180 FT shocks induces a learning impairment, while 900 does not, implies that
presenting 720 additional shocks in a regular (temporally predictable) manner has a
restorative effect. Given this, we asked whether 720 regularly spaced shocks given before
180 variably spaced shocks would prevent the induction of the learning impairment
(Baumbauer et al., 2009). It did so, and this effect lasted 24 hrs. Further work revealed that
the induction of this metaplastic effect depends upon the NMDAR and protein synthesis. In
addition, the restorative effect of predictable stimulation was blocked by pretreatment with
the BDNF sequestering antibody TrkB-1gG.

The key difference between FT and VT stimulation is that the FT schedule introduces a kind
of temporal predictability. Given this, the fact that VT and FT stimulation have divergent
effects implies that the spinal cord has a sense of time. Additional studies have reinforced
this conclusion, demonstrating that processes within the spinal cord can abstract regularity
across dermatomes, that this process shows a form of savings, and that the abstraction of
regularity is related to the central pattern generator (CPG) that drives stepping behavior
(Lee, 2015, 2016). For present purposes, what is most important is that both temporal
predictability and behavioral control can induce a metaplastic effect that counters the
development of the learning impairment and, in both cases, this effect depends upon BDNF.

Neurobiol Learn Mem. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grau and Huang

Page 10

5. Uncontrollable/unpredictable stimulation induces nociceptive

sensitization

The studies reviewed above provide a straightforward account of how training affects
learning within the spinal cord and the relation of these effects to NMDAR-mediated
plasticity. It is assumed here that the learning is linked to a form of LTP that drives the motor
response, leading to an increase in flexion duration that reduces net exposure to the
nociceptive stimulus (Joynes et al., 2004). Uncontrollable/unpredictable stimulation appears
to engage an opponentlike effect that inhibits adaptive plasticity. We posited that this could
be mediated by a kind of LTD, or diffuse noxious inhibitory control (DNIC), that inhibits
nociceptive activity (antinociception) and counters adaptive learning (Joynes et al., 2003).
Indirect support for this hypothesis was obtained from pharmacological studies
demonstrating that pretreatment with either an opioid or GABA antagonist blocks the
expression of the learning impairment (Ferguson et al., 2003, Joynes and Grau, 2004).

In other studies, we had shown that exposure to a long continuous shock induces a form of
spinally-mediated DNIC that inhibits behavioral reactivity to noxious stimulation (Meagher
et al., 1990). If uncontrollable/unpredictable stimulation impairs adaptive learning because it
induces a form of DNIC, then it too should have an antinociceptive effect. However, when
we tested reactivity to a noxious thermal stimulus after continuous shock and VIS, we found
that only continuous shock induced antinociception (Crown et al., 2002b). Moreover, while
6 min of continuous shock induced a robust antinociception, it did not induce a learning
impairment. Furthermore, when continuous shock was applied concurrently with VIS, it
blocked the induction of the learning impairment.

We also tested whether exposure to VIS affects reactivity to mechanical stimulation applied
to the plantar surface of the hind paw using von Frey stimuli (Ferguson et al., 2006). To our
surprise, VIS-treated animals were hyper-, not hypo-, responsive. Enhanced mechanical
reactivity (EMR) is observed after a variety of treatments (e.g., peripheral application of the
irritants formalin, caarageenan or capsaicin) known to sensitize nociceptive neurons within
the dorsal horn of the spinal cord (Latremoliere and Woolf, 2009). As noted above, this
centrally-mediated nociceptive sensitization depends upon a form of NMDAR-mediated
plasticity (Ji et al., 2003). These parallels led us to an alternative hypothesis: VIS interferes
with learning because it induces a form of central sensitization that saturates NMDAR-
dependent plasticity (Moser and Moser, 1999, Ferguson et al., 2012b). If this is true,
treatments that induce central sensitization should, like VIS, impair spinally-mediated
instrumental learning. As predicted, peripheral application of the irritants carrageenan,
formalin, or capsaicin induced a learning impairment (Ferguson et al., 2006, Hook et al.,
2008, Baumbauer and Grau, 2011, Ferguson et al., 2012b). Furthermore, like VIS, exposure
to capsaicin has a lasting effect that impairs learning when subjects are tested 24 hrs later,
long after the capsaicin-induced EMR has faded (Hook et al., 2008). Like the learning
impairment induced by VIS, training with controllable stimulation can prevent and reverse
the capsaicin-induced learning deficit. More important from a translational perspective,
behavioral control also prevents and reverses capsaicin-induced EMR. An extended
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exposure to regular (FT) stimulation had the same effect, blocking the capsaicin-induced
EMR and learning impairment (Baumbauer and Grau, 2011, Baumbauer et al., 2012).

The idea that the learning impairment involves a form of central sensitization is also
consistent with a number of neurobiological observations. For example, our data linking
TNF and microglia activation to the induction of the learning deficit are consistent with
findings in the pain literature implicating these processes in the development of central
sensitization (Watkins et al., 1997, Milligan et al., 2003, Czeschik et al., 2008, Park et al.,
2011). TNF may increase neural excitability by trafficking AMPARSs to the synapse and
increasing their permeability to Ca** (Huie, 2015).

5.1 GABA drives nociceptive sensitization after injury

Our discovery that the learning impairment is related to the development of central
sensitization raised a host of questions. One concerned the role of BDNF. We had suggested
that controllable/predictable stimulation attenuates the learning impairment because it up-
regulates BDNF (Gomez-Pinilla et al., 2007, Grau et al., 2012). Consistent with this
hypothesis, i.t. BDNF can prevent and reverse the learning deficit (Huie et al., 2012b). This
implies that, if the deficit reflects a form of central sensitization, i.t BDNF should also
attenuate central sensitization. As a first test of this implication, spinally transected rats were
exposed to VIS and tested using von Frey stimuli. As predicted, VIS led to EMR and this
effect was blocked by pretreatment with BDNF (Huie et al., 2012b). The implication is that
BDNF can attenuate central sensitization. This finding, however, ran counter to other studies
demonstrating that BDNF typically has the opposite effect (Coull et al., 2005b, Merighi et
al., 2008a, Latremoliere and Woolf, 2009, Lu et al., 2009, Biggs et al., 2010, Beggs and
Salter, 2013).

Another problem stems from studies exploring the role of GABAergic neurons. GABA
engages the ionotropic GABA-A receptor, which allows the anion CI- to enter the cell
(Medina et al 2014). This inward flow of CI™ has a hyper-polarizing (inhibitory) effect that
dampens neural excitability within the spinal cord. Supporting this, blocking the GABA-A
receptor with the GABA-A antagonist bicuculline in uninjured animals has a pronociceptive
effect that enhances nociceptive signaling and behavioral reactivity (Roberts et al., 1986,
Sivilotti and Woolf, 1994, Sorkin et al., 1998, Baba et al., 2003, Dougherty and Hochman,
2008). Based on these results, we would expect that pretreatment with a GABA-A antagonist
would enhance neural excitability in response to VIS, which should (if anything) foster the
development of the learning impairment in spinally transected rats. Contrary to our
expectations, bicuculline blocked the induction of the deficit (Ferguson et al., 2003). Given
our claim that the deficit reflects a form of central sensitization, this outcome seemed
paradoxical because it implied that administration of a GABA-A antagonist will block VIS-
induced EMR. To test this, spinally transected rats were administered bicuculline or its
vehicle prior to receiving VIS to one hind leg (Huang, 2016). In the vehicle treated rats, VIS
induced a bilateral EMR. Pretreatment with bicuculline eliminated this effect.

We explored the generality of these observations by testing the effect of bicuculline on the
EMR elicited by a number of other treatments. Others have shown that i.t. application of
LPS activates microglia and enhances reactivity to mechanical stimulation (Reeve et al.,
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2000, Young et al., 2007) and we reported above that LPS (i.t.) impairs spinal learning
(Vichaya et al., 2009). LPS (i.t.) also induces EMR in spinally transected rats and this effect
was blocked by bicuculline (Huang et al., 2016). Next, we assessed the effect of chemically
activating C-fibers using capsaicin, a treatment that has been widely used to study central
sensitization within the pain literature (Willis, 2001, Latremoliere and Woolf, 2009,
Sandkuhler, 2009). As expected, application of capsaicin to one hind paw induced a robust
bilateral EMR in spinally transected rats (Fig. 4B). This effect too was blocked by
pretreatment with bicuculline. An alternative GABA-A antagonist (gabazine) had the same
effect. We then assessed whether bicuculline would impact the maintenance of capsaicin-
induced EMR. Transected rats had capsaicin applied to one paw and an hour later, after
EMR had developed, received i.t. bicuculline (Huang, 2016). After central sensitization was
induced, blocking the GABA-A receptor attenuated the resultant EMR.

Research within the pain literature has shown that central sensitization is associated with the
expression of the proto-oncogene ¢-fos and the phosphorylation of the protein extracellular-
signal-regulated kinase (pERK) (Gao et al., 2010). To evaluate whether our experimental
treatments affected these cellular indices, spinally transected rats were treated with
bicuculline, or its vehicle, before capsaicin was applied to one paw (Huang, 2016). We again
found that capsaicin induced a robust EMR that was blocked by bicuculline. Two hrs after
capsaicin treatment, tissue was collected and we assessed ¢-fos and pERK expression within
the dorsal horn. As expected, capsaicin induced the expression of ¢-fosand pERK.
Pretreatment with bicuculline attenuated this effect.

Recognizing that our results ran counter to what has been reported in uninjured rats, we
assessed the effect of bicuculline on nociceptive sensitization in rats that had undergone a
sham surgery (Huang, 2016). As expected, capsaicin induced a robust EMR (Fig. 4A).
Consistent with other studies, bicuculline alone enhanced behavioral reactivity in uninjured
rats and, if anything, potentiated capsaicin-induced EMR. At the cellular level, capsaicin did
not induce robust c-fos')pERK expression within the dorsal horn (relative to spinally
transected rats) (also see (Castellanos et al., 2007)). This suggests that, in the absence of
injury, supraspinal systems may mediate capsaicin-induced allodynia.

The results imply that SCI alters how GABA affects nociceptive circuits. To further explore
this concept, we also tested the effect of a GABA-A agonist (muscimol). As reported by
others, i.t. muscimol inhibited nociceptive reactivity and the development of nociceptive
sensitization in uninjured rats (Huang et al., 2016). SCI eliminated both of these effects.

5.2 lonic plasticity

Our findings indicate that SCI transforms how GABA affects the development of nociceptive
sensitization. In uninjured animals, i.t. administration of a GABA-A antagonist enhances
nociceptive responsiveness (Roberts et al., 1986, Sivilotti and Woolf, 1994, Sorkin et al
1998), which is consistent with the usual view—that GABA interneurons within the spinal
cord inhibit neural excitability. But after SCI, pretreatment with a GABA-A antagonist
blocks the development of nociceptive sensitization (Huang et al., 2016), which implies that
GABA release is essential to the emergence of this effect—that GABA release drives the
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development of nociceptive sensitization. How could SCI so dramatically impact GABA
function?

New findings suggest that this is related to the cellular processes that regulate the
intracellular concentration of the anion CI- (Kaila et al., 2014a). The GABA-A receptor
functions as a ligand-gated ion channel. When activated, it allows CI- to flow through the
channel (Fig. 5A). The direction of CI- flow depends upon the intracellular concentration of
ClI-, which is controlled by two co-transporters, KCC2 and NKCC1, which regulate the
outward and inward flow of CI-, respectively (Cramer et al., 2008, Kahle et al., 2013, Kaila
et al., 2014a, Medina et al., 2014). In uninjured adult animals, these co-transporters maintain
a low concentration of CI~ within the cell. As a result, opening the channel allows CI- to flow
into the cell which exerts a hyperpolarizing (inhibitory) effect. Interestingly, NKCC1
emerges earlier in development than KCC2 (Ben-Ari, 2002, Rivera et al., 2005, Ben-Avri,
2014). Because NKCC1 allows CI- to flow into the cell, there is a rise in the intracellular
concentration of ClI- (Kaila et al., 2014a, Medina et al., 2014). Under these conditions,
engaging the GABA-A receptor allows CI" to flow out of the cell, which has a depolarizing
(excitatory) effect (Fig. 5D). Consequently, early in development, GABA-dependent
inhibition is lessened and neural excitability is enhanced, which could function to promote
the adaptive wiring of neural circuits.

Recent studies suggest that SCI may alter GABA function because it reduces the expression
of membrane-bound KCC2 (Drew et al., 2004, Cramer et al., 2008, Boulenguez et al., 2010,
Hasbargen et al., 2010). This would reduce the outward flow of CI- and induce a rise in the
intracellular concentration of CI-, producing a state akin to that observed early in
development, when GABA can have a depolarizing effect (Ben-Ari et al., 2012, Kaila et al.,
2014a). Electrophysiological studies have shown that just a 10-20% reduction in membrane-
bound KCC2 can bring about a 10-mV depolarizing shift in the GABA-A receptor mediated
inhibitory postsynaptic potential (E;psp) (Boulenguez et al., 2010).

This alteration in GABA function has been shown to impact neural excitability after chronic
SCI and contribute to spasticity and chronic pain (Cramer et al., 2008, Lu et al., 2008,
Boulenguez et al., 2010, Medina et al., 2014). Reduced KCC2 expression has also been
implicated in the loss of neural inhibition, and the development of chronic pain, in an animal
model of diabetes (Jolivalt et al., 2008). To determine whether a shift in KCC2 contributes to
the effects described earlier, we tested if SCI affects membrane-bound KCC2 24 hrs after
injury (Huang, 2016). KCC2 was assessed by separating the membrane and cytoplasmic
fractions and then assaying levels of the inactive and active (phosphorylated) forms. We
found that SCI reduced both forms within the dorsal horn membrane fraction of the
lumbosacral spinal cord.

If a change in CI- transport determine how bicuculline affects nociceptive sensitization, we
should be able to alter the effect of bicuculline using drugs that inhibit KCC2 or NKCC1
function. For example, in intact animals, blocking KCC2 with DIOA should emulate the
effect of spinal cord injury, and cause a rise in intracellular CI- (Jolivalt et al., 2008). Under
these conditions, engaging the GABA-A receptor should promote the flow of CI- out of the
cell, yielding a depolarizing effect that fosters the development of nociceptive sensitization.
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In this case, blocking the GABA-A receptor should undermine the development of
capsaicin-induced EMR. We found that pretreatment with DIOA has this effect, causing
bicuculline to have an antinociceptive, rather than pronociceptive, effect in uninjured rats
(Fig. 4C) (Huang et al., 2016). Conversely, in injured animals, blocking NKCC1 with
bumetanide should reduce the inward flow of CI- (Cramer et al., 2008, Hasbargen et al.,
2010). This should reduce the intracellular concentration of CI-, producing a state akin to
that observed in adult animals. Under these conditions, bicuculline should promote
nociceptive reactivity and enhance capsaicin-induced EMR. To test this, spinally transected
rats were given bumetanide or its vehicle (i.t.) prior to bicuculline (Huang et al., 2016). As
usual, bicuculline alone had an antinociceptive effect that blocked the development of
capsaicin-induced EMR (Fig. 4D). In rats pretreated with bumetanide, bicuculline had a
pronociceptive effect analogous to that observed in uninjured animals.

In uninjured animals, GABA has an inhibitory effect that quells neural excitation (Fig. 5C).
Our findings suggest that SCI reduces this inhibitory effect by down-regulating membrane-
bound KCC2, which enables neural excitability within the spinal cord and NMDAR-
mediated plasticity. When challenged with VIS or capsaicin, this fosters the development of
nociceptive sensitization.

5.3 SClI transforms how BDNF affects ionic plasticity

We have suggested that BDNF has a protective effect that enables learning within the spinal
cord and counters the development of central sensitization (Grau et al., 2012, Huie et al.,
2012b). The former is consistent with other work demonstrating that BDNF can promote
locomotor recovery after injury (Boyce et al., 2007, Boyce et al., 2012, Boyce and Mendell,
2014). Yet, our finding that BDNF attenuates VIS-induced EMR stands in contrast to a large
body of literature demonstrating that BDNF fosters the development of central sensitization
(Coull et al., 2005a, Merighi et al., 2008b, Lu et al., 2009, Beggs and Salter, 2013). Given
this, we posited that SCI may also transform how BDNF affects nociceptive circuits. To
evaluate this possibility, we tested the effect of BDNF on capsaicin-induced EMR (Huang et
al., 2017). BDNF attenuated the EMR elicited by capsaicin in spinally transected rats. In
contrast, in sham operated rats, BDNF treatment enhanced mechanical reactivity and
amplified capsaicin induced EMR. An analogous pattern of results was observed at the
cellular level, where we found that BDNF increased capsaicin-induced ERK
phosphorylation in sham operated rats, but attenuated ERK phosphorylation after SCI.
Interestingly, here too we observed that SCI per se amplified the development of central
sensitization.

Other work has related the BDNF-induced EMR observed in uninjured animals to a down-
regulation in KCC2, which would have an effect similar to SCI and reduce GABA-
dependent inhibition (Coull et al., 2005a, Merighi et al., 2008b, Lu et al., 2009, Beggs and
Salter, 2013). We hypothesized that the effect of BDNF may depend upon the background
level of neural excitability and injury, a notion that had some empirical support (Shulga et
al., 2008, Boulenguez et al., 2010). The implication is that BDNF may have a homeostatic
effect that acts to re-establish GABA-dependent inhibition after SCI by increasing
membrane bound KCC2. To evaluate these claims, we assessed the effect of BDNF on
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KCC2 in sham operated and transected rats (Huang et al., 2017). In uninjured rats, i.t. BDNF
down-regulated KCC2, whereas it increased expression after injury.

Normally, pretreatment with a GABA agonist, such as muscimol, attenuates capsaicin-
induced EMR in uninjured animals (Hwang and Yaksh, 1997, Kaneko and Hammond,
1997). Our results suggest that BDNF reduces membrane-bound KCC2, which should
attenuate the inhibitory effect of muscimol. To evaluate this possibility, we examined how
BDNF and muscimol impact capsaicin-induced EMR in uninjured and injured rats. In
uninjured rats, muscimol alone had an antinociceptive effect. Pretreatment with BDNF
enhanced capsaicin-induced EMR and eliminated the antinociceptive effect of muscimol.
Exactly the opposite pattern of results was observed after SCI. In injured rats, BDNF
attenuated capsaicin-induced EMR and reinstated the antinociceptive effect of muscimol.

In summary, BDNF has opposite effects on KCC2 expression in uninjured and injured
animals (Huang et al., 2017). In intact animals, BDNF down-regulates membrane-bound
KCC2 and fosters the development of central sensitization. After SCI, BDNF upregulates
membrane-bound KCC2, which should augment GABA-dependent neural inhibition and
quell central sensitization. How can BDNF affect KCC2 in opposite ways? A potential
answer was provided by Rivera and his colleagues (Rivera et al., 2004, Rivera et al., 2005,
Ferrini and De Koninck, 2013). BDNF binds to the TrkB receptor, which can engage
multiple signal pathways, including SHC and PLCvy. How these signal pathways affect
KCC2 appears to depend upon PLC~y: BDNF down-regulates KCC2 when PLCy is present,
but up-regulates KCC2 when PLCry is absent. This hypothesis is consistent with the finding
that SCI down-regulates the expression of PLC+y which should reverse the effect of BDNF
and cause it to up-regulate KCC2. Further work is needed to explore the generality of this
hypothesis, the cell types involved, and the temporal dynamics of the underlying processes.

5.4 Descending serotonergic (5HT) fibers regulate ionic plasticity

Our studies indicate that SCI transforms how GABA affects spinal function. Why does
injury have this effect? A preliminary answer was suggested from work exploring the fiber
pathways that regulate neural excitability within the dorsal horn (Sandkuhler, 2009). As
noted above, electrical stimulation of the sciatic nerve can induce LTP within the dorsal horn
in spinally transected animals. Interestingly, in uninjured animals, this same stimulus does
not induce LTP, which implies that descending fibers normally inhibit neural excitability
(Gjerstad et al., 2001). Likewise, VIS does not induce a learning impairment in awake
uninjured animals (Washburn et al., 2007), which implies that descending pathway dampens
nociceptive plasticity. Further work linked these effect to serotonergic (5HT) fibers within
the dorsal lateral funiculus (DLF), which inhibit neural excitability within the dorsal horn
through the SHT-1A receptor (Bardin et al., 2000, Crown and Grau, 2005, Gjerstad et al.,
2001, Hains et al., 20014, Hains et al., 2001b, Hains et al., 2001c).

We posited that lesioning the DLF allows afferent input to over-drive nociceptive systems
within the dorsal horn because it lowers membrane-bound KCC2, removing a GABA-
dependent brake on neuronal plasticity. This is consistent with data from the developmental
literature that shows that the switch in GABA function, from depolarizing to
hyperpolarizing, coincides with the innervation of descending fibers and that a depolarizing
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shift is not observed if the spinal cord is transected at an early age, before these fibers reach
the caudal spinal cord (Jean-Xavier et al., 2006). Based on these observations, we
hypothesized that descending 5HT fibers regulate neural excitability within the spinal cord
through a form of GABA-dependent ionic plasticity. To explore this possibility, we tested
whether blocking 5HT receptors within the spinal cord in intact animals affects GABA
function. Based on past pharmacological work (Crown and Grau, 2005), we targeted the
5HT-1A receptor using the antagonist WAY-100635. Our prediction was that i.t.
administration of this 5SHT antagonist would have an effect analogous to spinal transection,
inducing a shift in GABA function wherein GABA fuels, rather than inhibits, the
development of central sensitization. If that is true, WAY-100635 should reverse how
bicuculline affects the development of capsaicin-induced sensitization, unveiling an
antinociceptive effect that blocks the development of EMR. We found this pattern of results
(Huang, submitted). We reinforced our behavioral data with cellular assays, demonstrating
that bicuculline attenuates capsaicin-induced pERK expression in rats that received
WAY-100635. Conversely, we predicted that administration of a SHT-1A agonist (8-OH-
DPAT) would increase membrane-bound KCC2 in spinally transected rats and eliminate the
antinociceptive effect of bicucuclline, and this is what we found (Fig. 4E). We then showed
that lesions limited to the DLF were sufficient to down-regulate KCC2 expression and that
these lesions reversed how bicuculline affects nociceptive sensitization. In sham controls,
bicuculline had an allodynic effect and enhanced the development of capsaicin-induced
EMR. In DLF lesioned rats, bicuculline had an antinociceptive effect that attenuated
capsaicin-induced EMR. These results imply that lesions limited to the DLF are sufficient to
induce a shift in GABA function.

An important feature of DLF lesions is that they have minimal effect on ascending pain
pathways within the spinothalamic tract. This allowed us to explore an issue that was
otherwise intractable: Does the spinally-mediated change in GABA function affect pain
transmission to the brain? We addressed this issue using a place conditioning procedure
(King et al., 2009). Over the course of two days, sham operated and DLF lesioned animals
were exposed to two distinct contexts. Before each, the rats were treated with either i.t.
bicuculline or its vehicle. Half the rats then had capsaicin applied to one hind paw. In
uninjured rats, i.t. bicuculline should increase neural excitability in the dorsal horn and
enhance pain transmission to the brain, increasing the aversion to the bicuculline-paired
context. As predicted, the sham operated rats spent less time in the bicuculline-paired
context (Huang, submitted). If lesioning the DLF reverses how bicuculline affects
nociceptive signaling within the dorsal horn, bicuculline should have an antinociceptive
effect that reduces pain. As a result, DLF-lesioned rats should exhibit a preference for the
bicuculline-paired context, and this is what we found.

Our findings are generally consistent with other studies exploring the regulation of neural
excitability within the spinal cord and alterations in GABA function (Cramer et al., 2008,
Boulenguez et al., 2010, Gwak and Hulsebosch, 2011). We go beyond these studies by
demonstrating: 1) that SCI produces an acute shift in GABA function that is evident within
the first 24 hrs; 2) that SCI alters how both a GABA agonist and antagonist affect
nociceptive processing; 3) that SCI transforms how BDNF affects nociceptive processing
and GABA function; 4) that the change in GABA function is related to a loss of 5SHT fibers
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within the DLF that influence GABA function through the 5SHT-1A receptor; and 5) that
these changes in spinal processing impact a brain-dependent measure of pain. Further work
is needed to decipher how these processes interact within the spinal cord and the particular
fiber pathways that regulate GABA function.

6. Summary and implications

We have shown that neurons within the spinal cord can learn and that experience can have a
lasting effect on adaptive potential. Exposure to uncontrollable/unpredictable stimulation
induces a state that impairs learning (negative transfer) (Grau et al., 1998). This involves a
general (extrinsic) effect that retards learning when spinal neurons are challenged in new
ways (Crown et al., 2002b, Joynes et al., 2003). We coupled the learning impairment to the
development of central sensitization, C-fiber input, and inflammation (Ferguson et al., 2006,
Baumbauer et al., 2008, Ferguson et al., 2012a, Ferguson et al., 2012b). The alteration has a
lasting effect that depends upon the NMDAR and protein synthesis (Patton et al., 2004,
Ferguson et al., 2006). We further showed that learning impairment involves non-neuronal
cells, TNF, and mGlu (Ferguson et al., 2008, Vichaya et al., 2009, Huie et al., 2012a), which
fits well with other work implicating these processes in the maintenance of central
sensitization (Watkins et al., 1997, Neugebauer et al., 1999, Schafers et al., 2008).

Exposure to controllable/predictable stimulation has the opposite effect—it enables learning
(positive transfer) (Crown et al., 2002a, Grau et al., 2012). Controllable/predictable
stimulation also prevents, and reverses, the learning impairment and EMR induced by
capsaicin (Hook et al., 2008, Baumbauer and Grau, 2011, Baumbauer et al., 2012). Again,
this represents a general (extrinsic) effect that impacts how spinal neurons process
stimulation applied to other dermatomes. Here too, training has a lasting effect that depends
upon the NMDAR and protein synthesis (Joynes et al., 2004, Baumbauer et al., 2009). We
linked the beneficial effect of training to the up-regulation of BDNF (Gomez-Pinilla et al.,
2007, Baumbauer and Grau, 2011, Huie et al., 2012b), which is consistent with studies
demonstrating that this ligand can promote the recovery of locomotor behavior and
breathing after SCI (Baker-Herman et al., 2004, Boyce and Mendell, 2014, Fields and
Mitchell, 2015).

These examples of positive and negative transfer meet the criteria outlined above for
behavioral metaplasticity (Schmidt et al., 2013, Grau et al., 2014). Each has a lasting effect
and and each is observed when behavioral reactivity has returned to baseline and when care
has been taken to equate initial flexion force and response duration (Crown et al., 2002b,
Grau, 2006, Baumbauer et al., 2009). Further, these examples of behavioral metaplasticity
impact learning when the system is challenged in new ways, implying that each involves an
extrinsic effect rather than a kind of intrinsic additivity. Importantly, the phenomena are
reversible. The enabling/restorative effect of predictable/controllable stimulation is blocked
by a BDNF inhibitor (TrkB-1gG) (Gomez-Pinilla et al., 2007, Baumbauer et al., 2009, Huie
et al., 2012b). Likewise, the expression of the learning impairment is blocked by BDNF,
bicuculline, a mGlu receptor antagonist, and a TNF inhibitor (Ferguson et al., 2003,
Ferguson et al., 2008, Huie et al., 2012a, Huie et al., 2012b), which implies that the circuitry
needed for learning is still functional.
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6.1 SCI, BDNF, and the regulation of GABA function

How does BDNF affect learning potential? The traditional answer focused on how BDNF
affects NMDAR-mediated plasticity (Gottmann et al., 2009, Grau et al., 2012). It seems
likely that this contributes. But the present studies, and other work, suggest that BDNF can
also have an indirect effect on neural excitability/plasticity that is mediated by an alteration
in GABA function (Smith, 2014). In uninjured animals, BDNF reduces the hyperpolarizing
effect of GABA by down-regulating membrane-bound KCC2, setting the stage for
nociceptive sensitization (Coull et al., 2005a, Merighi et al., 2008b, Beggs and Salter, 2013).
These studies posed a challenge to our work because they imply that BDNF should
potentiate, rather than inhibit, central sensitization. A similar problem arose from our work
demonstrating that the GABA-A receptor antagonist bicuculline blocks the induction of the
learning deficit (Ferguson et al., 2003). Given that bicuculline promotes nociceptive
sensitization in uninjured animals (Roberts et al., 1986), if the deficit reflects a form of over-
excitation, this drug treatment should foster the development of the deficit, not block it.

To address these puzzles, we posited that SCI transforms how BDNF and bicuculline affect
neural function caudal to injury. As predicted by our earlier work, we showed that BDNF
blocks VIS and capsaicin induced EMR after SCI (Huie et al., 2012b, Huang et al., 2017).
Yet, in intact animals, BDNF had a pronociceptive effect that fostered capsaicin-induced
EMR and pERK expression (Huang et al., 2017). The same pattern of results was found
when we assessed the impact of bicuculline (Huang et al., 2016). After spinal transection,
bicuculline blocked the development of EMR in response to VIS, inflammation, or
capsaicin. It also blocked capsaicin-induced c¢-fosand pERK expression (Huang et al.,
2016). But in intact animals, bicuculline had a pronociceptive effect. These observations
suggest that SCI transforms how GABA affects nociceptive circuits. Others have suggested
that a loss of GABA-dependent inhibition may contribute to the development of nociceptive
sensitization (Gwak and Hulsebosch, 2011). The fact that bicuculline blocks the
development of nociceptive sensitization after SCI implies a more central role—that GABA
release can fuel the development of central sensitization, providing an essential driving
force.

Others have shown that SCI can transform motor processes within the spinal cord ventral
horn by down-regulating KCC2, causing a depolarizing shift in GABA function that
contributes to the development of prolonged muscle contraction (spasticity) after SCI
(Boulenguez et al., 2010). We posited that a similar alteration might occur within the dorsal
horn after acute SCI, removing a GABA-dependent brake on nociceptive activity and
potentially inducing a depolarizing shift that causes GABA to have an excitatory effect that
drives the development of nociceptive sensitization. Supporting this, we showed that SCI
reduces membrane-bound KCC2 within 24 hrs of SCI and that blocking KCC2 with DIOA
in uninjured rats emulates the effect of SCI (Huang et al., 2016). Furthermore, a treatment
(bumetanide). which should lower intracellular CI- levels, re-established a state akin to the
intact system wherein bicuculline had a pronociceptive rather than an antinociceptive effect.
We posited that the change in GABA function was linked to the loss of descending
serotonergic fibers within the DLF that regulate nociceptive processes within the dorsal horn
through the SHT-1A receptor. Supporting this, we showed that lesions limited to the DLF
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cause a down-regulation in KCC2 and that administration of a 5HT agonist after SCI
restores membrane bound KCC2 and the pronociceptive effect of bicuculline (Huang,
submitted). We concluded by showing that DLF lesions reverse how i.t. bicuculline affects
motivated behavior in a place conditioning task; in intact animals, i.t bicuculline enhanced
pain whereas after SCI it had an antinocieptive effect. These observations imply that
alterations at the level of the spinal cord impact pain transmission to the brain.

The idea that SCI causes a down-regulation in KCC2, that fosters the development of central
sensitization, fits with other work linking the development of chronic pain after SCI to a
reduction in KCC2 (Cramer et al., 2008, Lu et al., 2008). The findings are also congruent
with the observation that diabetes can induce a depolarizing shift in GABA function that
reverses how bicuculline affects formalin-induced nociceptive sensitization (Jolivalt et al.,
2008). Finally, the work is consistent with research showing that inflammation, and the
activation of microglia, can enhance nociceptive processing within the spinal cord through a
down-regulation in KCC2 (Coull et al., 2005a). The only difficulty is that this last effect has
been linked to an up-regulation in BDNF in uninjured animals. Further work resolved this
conceptual puzzle by demonstrating that BDNF can affect KCC2 in opposite ways,
depending upon the state of the system (Huang et al., 2017). In intact animals, BDNF down-
regulates membrane-bound KCC2, which would lessen GABA-dependent inhibition and
promote neural excitability/plasticity. After SCI, when KCC2 has already been down-
regulated, BDNF has the opposite effect—it increases membrane-bound KCC2, which
would reduce the over-excitation (saturation) of nociceptive circuits and thereby promote
adaptive plasticity. Likewise it would promote learning when animals are tested with a
higher response criterion (Grau et al., 1998). We suggest that other treatments (e.g.,
bumetanide, 8-OH-DPAT) that attenuate nociceptive sensitization should also enable
learning.

Our results suggest that the relation between spinal cord neural excitability and adaptive
potential is non-monotonic in nature (Fig. 5E). In the intact organism, adaptive potential
appears to be generally inhibited by GABAergic interneurons. SCI removes this brake,
which allows spinal learning. But neural injury also removes a safety-switch that normally
inhibits nociceptive activity, which allows noxious stimulation to over-excite spinal circuits
and feed the development of central sensitization. BDNF appears to have a homeostatic
effect that helps maintain the system within a range that promotes adaptive learning
(Turrigiano, 2006, Gomez-Pinilla et al., 2007, Huie et al., 2012b). At a biochemical level, it
has been suggested that this reversal in action may depend upon a SCl-induced down-
regulation in PLCy (Rivera et al., 2004, Tashiro et al., 2015). This framework implies that
GABA-dependent processes normally block the development of maladaptive plasticity
within the spinal cord. The corollary to this is that central sensitization will typically only
develop after injury or pathology (e.g., inflammation, diabetes, arthritis, opiate addiction)
(Weng et al., 1998, Coull et al., 2005a, Jolivalt et al., 2008, Ferrini et al., 2013).

Our framework posits 3 states (Fig. 5E): 1) a fixed state maintained by GABAergic
inhibition; 2) a malleable state that allows for spinal learning; and 3) a state of over-
excitation driven, in part, by a depolarizing shift in GABA. An interesting feature of this
framework is that physiological processes can hold the system within a particular state over
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time, providing a kind lock. In adult uninjured animals, GABAergic inhibition is maintained
by descending serotonergic fibers. Removing this lock allows spinal learning, which can
itself engage a NMDAR/protein synthesis dependent state that counters the development of
central sensitization (Grau et al., 2012). Over-excitation engages a third state, which again is
preserved over time by means of a NMDAR/protein synthesis dependent process (Ferguson
et al., 2012a). While we know that the consequences of over-stimulation fade over time (in
48-96 hrs) (Crown et al., 2002b), we have not assessed the long-term effect of relational
learning or BDNF treatment beyond 24 hrs. It is possible that homeostatic processes
normally act to maintain this intermediate state over time after SCI, which could promote
adaptive learning but also increase susceptibility to over-excitation. The latter effect could
set the stage for chronic pain.

6.2 lonic plasticity regulates adaptive potential

Thirty years ago, we outlined a model that assumed brain-dependent learning and memory
influence pain through descending fibers (Grau, 1987), an idea that has found some support
(McNally et al., 2011). At that time, it was assumed that lower-level modulatory systems are
only engaged in an unconditioned (unlearned) manner (Watkins et al., 1982, Meagher et al.,
1990). Subsequent work challenged this proposal, demonstrating that nociceptive systems
within the spinal cord are sensitive to Pavlovian relations (Grau et al., 1990, Joynes and
Grau, 1996). We also found that spinal cord neurons are sensitive to response-outcome
relations and that this learning can have a lasting effect on spinal function (Grau et al., 1998,
Grau et al., 2004). These studies complement research within the rehabilitation literature that
shows behavioral training can help restore stepping behavior after SCI minus input from the
brain (Edgerton et al., 2008), that this system can adapt to an environmental obstacle
(Edgerton et al., 1997), and that locomotor function is affected by nociceptive input
(Bouffard et al., 2014). Furthermore, locomotor training can reduce pain and spasticity after
injury (Tashiro et al., 2015) and this effect has been linked to BDNF (Boyce and Mendell,
2014) and an up-regulation in KCC2 (Cote et al., 2014).

At the same time, it was recognized that evidence for spinal learning came primarily from
work using a transection paradigm, which is a necessity for demonstrating that brain
mechanisms play no role. While there is evidence that brain-dependent learning can cause a
form of rewiring within the spinal cord that impacts reflex function, that is evident after the
system is later disconnected from the brain, establishing this effect typically requires
extensive training (Wolpaw and Carp, 1990, Wolpaw, 2010). These observations imply that,
in uninjured adult animals the spinal cord is a relatively immutable (fixed) system, designed
so that sensory/motor systems are relayed in a reliable manner, a state that is maintained by
descending fibers and GABAergic inhibition.

We propose that this descending regulatory pathway is not a permanent lock and that it is
subject to regulation. Indeed, even surgical anesthesia can remove this brain-dependent lock
(Washburn et al., 2007). More subtle modifications may be elicited through unconditioned
and conditioned pathways within the brain, which could enable learning and performance
within the spinal cord by down-regulating KCC2. To the extent that this descending
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regulatory process is affected by experience, it too could constitute a form of behavioral
metaplasticity.

We have focused on how descending 5HT systems can regulate neural function within the
spinal cord to enable plasticity. However, there is little reason to believe that this mode of
regulating neural excitability is limited to just the spinal cord. Neural function throughout
the brain is inhibited by GABAergic neurons that inhibit neural excitability and limit
plasticity (Wigstrom and Gustafsson, 1983, Wang et al., 2006), preserving memories and
motor function over time. Just as it makes little sense to overwrite a circuit within the spinal
cord that organizes the timing and structure of locomotor function, it would appear
maladaptive to overwrite neural circuits within the brain that store motor programs, maps of
the environment, and the meaning of words. Like the spinal cord, these neural circuits may
shift into an immutable state that helps to preserve the information over time, with over-
excitation and neural plasticity held in check through GABA-dependent inhibition (Fig. 5E).
And just as neural excitation in the spinal cord exhibits a non-monotonic function, with
intermediate levels promoting adaptive plasticity while high levels produce a state of over-
excitation that impairs learning, a down-regulation of KCC2 within the brain could foster a
state of over-excitation (epilepsy) that impairs function (Kaila et al., 2014b).
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Contralateral
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T2 Second thoracic

Veh Vehicle

VIS Variable intermittent shock
VT Variable time
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Highlights
. Neurons within the spinal cord are sensitive to environmental relations
. Relational learning impacts plastic potential (behavioral metaplasticity).

. Plastic potential is regulated by BDNF, TNF, and GABA (ionic plasticity)

. Spinal cord injury lowers membrane-bound KCC2, which reduces
GABAergic inhibition

. Released from inhibition, noxious input can sensitize pain circuits
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(A) Metaplasticity (B) Positive and negative transfer
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Fig. 1.
(A) The Bienenstock, Cooper and Murno (BCM) model links the induction of LTD and LTP

to the postsynaptic response (Bienenstock et al., 1982). Within this framework, metaplastic
alterations can be represented as a shift in the threshold (theta) for inducing LTD versus LTP.
For example, a treatment (e.g., TNF) that promotes the development of LTP is hypothesized
to shift the function to the left. (B) Behavioral metaplasticity impacts the rate of learning,
producing either a facilitation [positive (+) transfer] or impairment [negative (-) transfer].
(C) A theoretical framework for representing an extrinsic form of behavioral metaplasticity.
Environmental stimulation can engage unconditioned (unlearned) behavioral responses,
learning, and modulatory process that regulate the rate of learning. Learning can also invoke
a secondary process that represents a form of “learning to learn” (behavioral metaplasticity).
This would induce a lasting modification that impacts future learning, both in the trained and
other (extrinsic) neural circuits by regulating the activation of modulatory processes.
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Fig. 2.
(A) Spinally transected rats that receive a noxious shock to one hind leg whenever the leg is

extended (Master) exhibit a progressive increase in flexion (response) duration over 30 min
of testing, which reduces net shock exposure (Grau et al., 1998). Rats that receive the same
amount of noxious stimulation, but independent of leg position (Yoked), fail to learn. (B)
Spinally transected rats that have previously undergone training with controllable
stimulation (Master) learn faster (positive transfer) than untrained (naive) controls (Grau et
al., 1998). Rats that have previously received uncontrollable stimulation (Yoked) exhibit a
learning impairment. Importantly, this impairment is not due to an inability to perform the
target response; rats that have previously received uncontrollable stimulation exhibit a
flexion response when shock is given, but this response-contingent stimulation does not
induce an increase in flexion duration. (C) Exposure to variable intermittent tailshock (VIS)
for 6 min (180 shocks) impairs learning for 48 hrs (Crown et al., 2002b). (D) Prior exposure
to controllable shock (Pretrained) fosters learning when animals are tested with a higher
response criterion (Crown et al., 2002a). Under these conditions, naive (untrained) rats fail
to learn. Pretrained rats are able to learn and this is true independent of whether they are
tested on the same [ipsilateral (ipsi)] or opposite [contralateral (contra)] leg.
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(A) Induction of the learning impairment

Day 1 Day 2
: . 24 hrs o :
Variable Intermittent Shock 3> Learning Impairment
Capsaicin, Formalin
TNF, LPS
DHPG (mGlu agonist)
(B) Restoration of learning
Day 1 Day 2
24 hrs

Learning Restored

v

Variable Intermittent Shock

! 1 I

Behavioral Control Behavioral Control+Naltrexone Naltrexone (opioid antagonist)
Fixed Spaced Shock (720) Fixed Spaced Shock (720) sTNFR1 (TNF inhibitor)

MK-801 (NMDAR antagonist) Cycloheximide (protein syn. inhibitor) BDNF

CPCCOEt (mGIuR1 antagonist) BDNF Bicuculline (GABA-A antagonist)

MPEP (mGIuRS5 antagonist)
sTNFR1 (TNF inhibitor)
Fluorocitrate (glial inhibitor)
BDNF

Bicuculline (GABA-A antagonist)
8-OH-DPAT (SHT-1A agonist)

Fig. 3.
(A) A list of the treatments that have been shown to induce a lasting learning impairment.

(B) A list of the treatments that have been shown to block the learning impairment induced
by variable intermittent shock when given prior to shock treatment, immediately after shock
treatment, or prior to testing.
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Fig. 4.
(A) Spinally transected rats that have been treated with the irritant capsaicin (Cap) applied to

one hind paw exhibit enhanced mechanical reactivity (EMR) relative to the vehicle (Veh)
controls (Huang et al., 2016). This effect is observed on both the treated and opposite leg.
The figure depicts the change from baseline mechanical reactivity, averaged across the two
legs, soon after capsaicin treatment (0) and 1 and 2 hrs later. In sham-operated rats,
bicuculline (Bic) per seinduced an EMR and potentiated the effect of capsaicin. (B)
Capsaicin treatment also induced an EMR in spinally transected rats. This effect was
blocked by bicuculline (Bic) (Huang et al., 2016). (C) Blocking the KCC2 channel with
DIOA flipped how bicuculline affected capsaicin-induced EMR in sham operated rats
(Huang et al., 2016). In the absence of DIOA, bicuculline enhanced capsaicin-induced EMR.
After treatment with DIOA bicuculline had an antinociceptive effect that blocked capsaicin-
induced EMR. (D) Blocking the NKCC1 channel with bumetanide (Bum) reversed the effect
of bicuculline on capsaicin-induced EMR in spinally transected rats (Huang et al., 2016). In
the absence of bumetanide, bicuculline had an antinociceptive effect that blocked capsaicin-
induced EMR. After bumetanide treatment, bicuculline enhanced capsaicin-induced EMR.
(E) Other treatments impact capsaicin-induced EMR. In sham operated rats, pretreatment
(i.t.) with the 5HT-1A antagonist WAY-100635 causes bicuculline to have an antinociceptive
effect that attenuates capsaicin-induced EMR. Conversely, in spinally transected rats,
administration of a 5SHT-1A agonist produces a state wherein bicuculline has a
pronociceptive effect. BDNF affects capsaicin-induced EMR in opposite ways in sham-
operated and spinally transected rats. In uninjured rats, it has a pronociceptive effect that
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enhances EMR. After SCI, it has an antinociceptive effect that attenuates VIS and capsaicin-
induced EMR.

Neurobiol Learn Mem. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Grau and Huang

Page 37

(A) Regulation of intracellular CI by KCC2 and NKCC1
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Fig. 5.
(A) Intracellular CI- concentrations are controlled by the co-transporters KCC2 and NKCC1,

which regulate the outward and inward flow of CI-, respectively. In adult animals (left), the
outward flow of CI- through the KCC2 channel maintains a low intracellular concentration
of CI". Under these conditions, engaging the GABA-A receptor allows CI- to enter the cell,
which has a hyperpolarizing effect. Early in development, and after SCI (right), the relative
concentration of membrane-bound KCC2 is lower. As a result, the inward flow of Cl- causes
arise in the intracellular CI- concentration. Now, engaging the GABA-A receptor can allow
CI" to exit the cell, which can have a depolarizing effect. (B) Membrane-bound KCC2 in
adult animals is also reduced by DLF lesions and BDNF. After SCI, pretreatment with a
5HT-1A agonist (8-OH-DPAT) or BDNF can induce an increase in KCC2. (C) Nociceptive
activity within the spinal cord is regulated by GABAergic neurons that normally inhibit
neural excitation. A reduction in membrane-bound KCC2 in the postsynaptic cell can flip
how GABA input affects neural excitation, causing it to foster neural activity. (D) The effect
of GABA on neural excitability is inversely related to the level of membrane-bound KCC2.
As KCC2 declines (blue line), so too does GABA-dependent hyperpolarization
(hyperpolerization). At low levels of KCC2, the rise in intracellular CI- concentrations can
cause GABA to have a depolarizing (depolerization) effect (black line). (E). Evidence
suggests that there is a non-monotonic relation between neural excitability and adaptive
potential within the spinal cord. In adult uninjured animals, neural plasticity is low due to
GABA-dependent inhibition. SCI can remove this brake to allow spinal cord learning. In the
absence brain-dependent regulatory systems, noxious input can induce a state of over-
excitation that saturates plasticity and disrupts adaptive learning. How various treatments are
thought to impact neural excitability are indicated immediately below. In adult animals, SCI,
DIOA (i.t.) or WAY 100635 (i.t.) are hypothesized to increase neural excitability and
enhance learning. TNF (i.t.) or LPS (i.t.) can over-excite the system and thereby impair
learning. After SCI, bumetanide (i.t.) and 8-OH-DPAT quell over-excitation, which allows
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learning. BDNF has a homeostatic effect that fosters plasticity. Evidence suggests that this
bidirectional effect depends upon the presence (+) versus absence (-) of PLCry.
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