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Spinal glia modulate both adaptive and pathological processes
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Abstract

Recent research indicates that glial cells control complex functions within the nervous system. For
example, it has been shown that glial cells contribute to the development of pathological pain, the
process of long-term potentiation, and the formation of memories. These data suggest that glial cell
activation exerts both adaptive and pathological effects within the CNS. To extend this line of work,
the present study investigated the role of glia in spinal learning and spinal learning deficits using the
spinal instrumental learning paradigm. In this paradigm rats are transected at the second thoracic
vertebra (T2) and given shock to one hind limb whenever the limb is extended (controllable shock).
Over time these subjects exhibit an increase in flexion duration that reduces net shock exposure.
However, when spinalized rats are exposed to uncontrollable shock or inflammatory stimuli prior to
testing with controllable shock, they exhibit a learning deficit. To examine the role of glial in this
paradigm, spinal glial cells were pharmacologically inhibited through the use of fluorocitrate. Our
results indicate that glia are involved in the acquisition, but not maintenance, of spinal learning.
Furthermore, the data indicate that glial cells are involved in the development of both shock and
inflammation-induced learning deficits. These findings are consistent with prior research indicating
that glial cells are involved in both adaptive and pathological processes within the spinal cord.
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1. Introduction

Early accounts of glial cell function focused primarily upon their role in neuronal support.
However, recent research has revealed that neuronal support is only one facet of glial cell
activity, and it has become apparent that glia can modulate many aspects of central nervous
system (CNS) function. For example, Meller and colleagues (1994) demonstrated that glial
cell inhibition attenuates inflammation-induced hyperalgesia. Research has also shown that
glial cells underlie the hyperalgesic states induced by HIV-1 gp120 (Milligan et al., 2001) and
formalin (Watkins et al., 1997), as well as mirror image pain (Milligan et al., 2003) and spinal
nerve transection neuropathic pain (Sweiter et al., 2001; Takeda et al., 2004). Not only is glial
cell activation necessary for these pathological pain states, it has been shown that an injection
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of activated microglia is sufficient to set off a cascade that leads to the development of pain in
the absence of tissue damage (Narita et al., 2006).

There is also growing evidence that glial cells influence learning and memory. It has been
demonstrated that glial cells proliferate (Jahanshahi et al., 2007, 2008), hypertrophy (Kleim et
al., 2007), and undergo changes in gene expression (Hydén & Egyhazi, 1963) in response to
learning and memory tasks. Glial inhibition can also disrupt memory consolidation in single-
trial aversion learning tasks (Gibbs et al., 2006a, 2006b). Furthermore, long-term potentiation
(LTP) and long-term depression (LTD), which are thought to be the neural basis of learning
and memory, appear to require glial cell activity (Ikeda & Murase, 2004; Ma & Zhao, 2002).
This suggests that glial cells are actively involved in both adaptive and pathological processes
within the CNS.

To extend this line of work, the present study investigated the role of glia in modulating spinal
plasticity using the spinal instrumental learning paradigm, a simple instrumental (response-
outcome) learning task (Grau et al., 1998, 2006). Prior research has demonstrated that the
isolated spinal cord is capable of encoding the relationship between leg position and shock. If
transected rats receive shock to the tibialis anterior muscle whenever their leg is extended
(controllable shock), they learn to maintain their leg in a flexed position and, consequently,
minimize net shock exposure. The increase in flexion duration is not merely an artifact of
shock, given that transected rats that receive shock independent of leg position (uncontrollable
shock) fail to exhibit an increase in flexion duration. Furthermore, exposure to uncontrollable
shock undermines future learning, such that rats previously exposed to uncontrollable shock
fail to exhibit an increase in flexion duration when later tested with controllable shock (Crown
etal., 2002; Grau et al., 1998). This learning deficit can be induced by just 6-min of
uncontrollable shock to the leg or tail and lasts up to 48 h (Crown et al., 2002).

It has been suggested that uncontrollable stimulation acts to disrupt learning by inducing a state
comparable to central sensitization. In support of this hypothesis it has been demonstrated that
stimuli that induce allodynia (e.g., carrageenan and capsaicin) can induce spinal instrumental
learning deficits (Ferguson et al., 2006; Hook et al., 2008). For example, Young and colleagues
(2007) demonstrated that peripherally administered lipopolysaccharide (LPS), which results
in inflammation, glial activation, and allodynia, induces a spinal instrumental learning deficit.
Furthermore, it was demonstrated that this deficit is mediated by LPS-induced inflammation.
Based on these data the authors hypothesized that shock and LPS exert detrimental effects on
learning, in part, through the activation of glial cells.

While evidence suggests that glial cell activation leads to central inflammatory processes that
can impair learning, the application of this work to spinal learning is complicated by a number
of observations. First, both controllable and uncontrollable aversive events can activate glial
cells and initiate inflammatory processes (Blandino et al., 2006; Deak et al., 2005; Frank et al.,
2007; Nair & Bonneau, 2006; O’Connor et al., 2003; Sugama et al., 2007). Second, in some
cases low levels of inflammatory cytokines appear to enhance, rather than disrupt, learning
(Avital et al., 2003; Bohme et al., 1993, 1991; Brennan et al., 2003; Goshen et al., 2007; Lu et
al., 1999; Malen and Chapman, 1997; Pollmécher et al., 2002; Zhuo et al., 1993). Finally, glial
cell activation can lead to the release of factors, such as BDNF, that enhance learning (Gémez-
Pinilla et al., 2007; Yamada et al., 2002). Though complicating the derivation of experimental
predictions, these observations lend further evidence that glial cells modulate plasticity and
highlight the need for further research.

The present study examined the role of glial cells in the acquisition and maintenance of spinal
instrumental learning and the acquisition of the spinal learning deficit. It was hypothesized that
glial cell inhibition would disrupt the acquisition and maintenance of spinal instrumental
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learning. It was also hypothesized that blocking glial cell activation prior to uncontrollable
shock or LPS administration would block the learning deficit as it blocks the development of
experimentally induced pain. Glial cells were inhibited through the use of fluorocitrate.
Fluorocitrate inhibits aconitase, a necessary product of the tricarboxylic acid (TCA) cycle of
glial cells and, thereby, disrupts energy dependent transmitter up-take and release. When
administered centrally ata 1 nmol dose, fluorocitrate’s actions are fast-acting, selective to glia,
and reversible within 24 h (Paulsen et al., 1987). Our results provide further evidence that glial
cells are involved in adaptive as well as pathological processes within the spinal cord.

2. Materials and Methods

2.1 Subjects

Male Sprague-Dawley rats from Harlan (Houston, TX) were used in all experiments (N = 134).
At the time of testing, the rats were approximately 100-120 days old and weighed between
350-410 g. They were individually housed on a 12 h light-dark cycle with food and water
available ad libitum. All procedures performed were approved by the Texas A&M University
Laboratory Animal Care Committee.

2.2 Transection, Catheter Placement, and Post-Operative Care

In Experiment 1, surgical anesthesia was achieved by administration of 50 mg/kg pentobarbital.
In all remaining experiments, subjects were anesthetized with 5% isoflurane gas, and once a
surgical plane of anesthesia was reached, a maintenance concentration of 2% isoflurane was
used. Once anesthetized, the shoulders were shaved and sterilized with iodine. A 1.5 cm
anterior-posterior incision was made over the protuberance of the 2" thoracic vertebra (T2)
and the tissue above T2 was cleared to expose the spinal cord. Cauterization was used to transect
the cord and the cavity was filled with Gelfoam (Harvard Apparatus, Holliston, MA). An
intrathecal (i.t.) catheter, consisting of a polyethylene tube (PE-10, VWR International, Bristol,
CT), was inserted to allow for i.t. drug delivery. The catheter was cut to 25 cm, fitted with a
0.09 mm stainless steel wire (Small Parts, Inc., Miami Lakes, FL), and inserted 9 cm down the
dorsal surface of the spinal cord via the subarachnoid space. The incision was then closed with
Michel Clips (Fine Science Tools, Forest City, CA), the catheter was secured with Super Glue,
and the wire guide was removed.

To facilitated collection of our dependent measure of learning, the subjects’ hind legs were
shaved and secured to their body in a natural flexed position with porous tape (Ortholetic 1.3
cm width). Immediately following surgery, rats were given a 5 mL intraperitoneal (i.p.)
injection of 0.9% sterile saline and were allowed to recover in a temperature-controlled room
(26.7°C) with food and water available ad libitum. Because the surgery results in a loss of
bladder function, bladder expression occurred twice daily, along with supplemental i.p.
injections of saline (5 mL). Upon completion of all necessary testing, rats were euthanized with
100 mg/kg of pentobarbital.

2.3 Instrumental Shock Apparatus

Instrumental learning was assessed using controllable leg shock (as described by Grau et al.,
1998). In this procedure subjects were loosely restrained in a Plexiglas tube (8 cm diameter x
23.5 cm length) that was notched to allow subjects’ legs to hang freely. A shock generator
(BRS/LVE Model SG-903, Laurel, MD) was used to administer shock. Two leg electrodes
were connected to a computer-controlled relay that regulated the administration of shock. The
first electrode consisted of stainless steel wire that was inserted through the subject’s skin over
the tibia, 1.5 cm above the tarsals. The second electrode was constructed from a stainless steel
pin inserted into the tibialis anterior muscle 1.7 cm above the first electrode. Shock delivery
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was achieved by attaching leads from an AC (60 Hz) shock generator (BRS/LVE, Model
SG-903, Laurel, MD) to each electrode.

The shock intensity was adjusted to produce a flexion force of 0.4 Newton (N). In order to
determine flexion force, a plastic line (4 Ib test Stren: Dupont, Wilmington, DE) was connected
to the subject’s foot immediately behind the planter protuberance. The line passed through the
eyelet directly under the foot of the rat and attached to a strain gauge (Fort-100, World Precision
Instruments, New Haven, CT) fastened to a ring stand. The ring stand was then positioned
directly behind the subject and the line was stretched taut, engaging the strain gauge. A 0.3 s
shock was administered to determine flexion force and voltage was adjusted to produce a 0.4
force. Once the necessary voltage was determined, the line was removed and the flexion force
apparatus was put aside.

To monitor leg position, a plastic dish containing a salt solution was placed below the rat’s
hind leg. A contact electrode, fashioned from a stainless steel rod (7cm long, 0.46 diameter)
with the proximal end insulated with 2.5 cm of heat shrink tubing and attached to a fine wire
(0.01 sg mm [36 AWG], [1] x 20 cm) connected to a digital input monitored by a computer,
was secured with porous tape to the plantar surface of the foot just distal to the planter
protuberance. To determine the resting position of the electrode, three short (0.15 s) shocks
were delivered and the level of solution in the dish was adjusted so that the distal end of the
electrode was submerged 4 mm below the surface of the salt solution. A wire ground was placed
in the solution. During testing, when the electrode was in contact with the solution, a circuit
was completed and a shock was administered to the tibialis anterior muscle. This shock induced
a sufficient flexion force to draw the electrode out of the solution, which terminated the shock.
A computer monitored the state of the circuit at a rate of 30 Hz.

Three behavioral measures were collected during testing: time in solution, response number,
and response duration. These measures were used to assess the capacity of the subject to
perform an instrumental response. Performance on these measures was assessed in 1 min bins
for the duration of instrumental testing. The response number increased each time the contact
electrode left the solution. Our primary index of learning, response duration, was derived for
each bin using the following equation: Response Duration = (60 s — time in solution)/(response
number + 1).

2.4 Uncontrollable Tail Shock

Uncontrollable tail shock was administered while the subject was loosely restrained in a
Plexiglas tube (8 cm diameter x 23.5 cm length). Shock was delivered to the tail using an
electrode constructed from a modified fuse clip. The clip was coated with electrocardiogram
(ECG) gel (Harvard Apparatus, Holliston, MA) and secured 6 cm behind the base of the tail
with porous tape. A 660-V transformer administered constant-current 1.5 mA shocks on a
computer controlled random schedule. Shocks were administered using the method of Crown
and colleagues (2002) in which 6 min of 80 ms shocks were administered on a variable inter-
shock interval (range = 0.2 — 3.8 s; mean = 2 s). This procedure has been shown to reliably
undermine future learning.

2.5 Drug Administration

Low doses of fluorocitrate (Sigma-Aldrich) selectively and reversibly disrupt the TCA cell
cycle within glia and, thereby, disrupt energy dependent activity (Paulsen et al., 1987).
Fluorocitrate was dissolved in 1 uL of saline to reach final concentrations of 0.0078, 0.0625,
0.5, and 4 nmol. LPS from E. coli 0111:B4, Sigma-Aldrich, St. Louis, MO) is an endotoxin
derived from the cell wall of gram-negative bacteria. When administered to an organism LPS
activates glial cells and leads to the release of proinflamamtory cytokines (Herber et al.,
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2006; Ledeboer et al., 2002; Sugaya et al., 1998; Terrazzino et al., 1997). LPS was dissolved
in 10 pL of saline to produce a final concentration of 1, 10, and 100 pg. The drug or an equal
volume of vehicle (sterile saline) was administered through the implanted catheter at the
appropriate time point, followed by a 20 pL saline flush.

2.6 Experimental Designs

2.6.1. Experiment 1: Effect of fluorocitrate on spinal instrumental learning
response acquisition—To determine if fluorocitrate would disrupt spinal instrumental
learning subjects received complete spinal transactions 24 h prior to receiving intrathecal (i.t.)
infusions of fluorocitrate or vehicle (n=6). Fluorocitrate was given in concentrations of 0.0078,
0.0625, 0.5, or 4 nmol (1 pL volume) 20 min prior to testing with 30 min of controllable shock.

2.6.2. Experiment 2: Effect of fluorocitrate on maintenance of the spinal
instrumental response—We also assessed the role of glial cells in the maintenance of an
already acquired instrumental response. Spinally transected subjects were randomly assigned
to fluorocitrate or control groups (n=8). All subjects underwent 60 min of instrumental training.
Twenty minutes into the 60 min training session subjects received either 0.5 nmol of
fluorocitrate or vehicle (1 pL volume). Analysis was conducted on the last 30 min of testing,
once fluorocitrate was given time to take effect.

2.6.3. Experiment 3: Effect of fluorocitrate administration on the expression of
the shock-induced learning deficit—Subjects were randomly assigned to the
fluorocitrate or vehicle group as well as the uncontrollable shock or no shock condition.
Spinally transected subjects were given i.t. infusions of 0.5 nmol of fluorocitrate or vehicle (1
uL) twenty minutes prior to delivery of 6 min or 0 min of uncontrollable tailshock (n=6).
Twenty-four hours later all subjects were tested with 30 min of controllable shock.

2.6.4. Experiment 4: Effect of i.t. LPS on spinal instrumental learning—In order to
verify that centrally administered LPS would induce a learning deficit, spinally transected
subjects were administered 1, 10, or 100 ug LPS or vehicle (10 pL volume) 2.5 h prior to testing
with 30 min of controllable shock (n=6). Next, to determine if this deficit, like the shock-
induced deficit, persists at least 24 h, subjects were administered 100 ug of LPS or vehicle (10
pL volume) 24 h prior to testing (n=6). Although a relatively high dose of LPS, this dose of
i.t. LPS has been shown to facilitate wind up and enhance the acute C-fiber response (Reeve
et al., 2000). Furthermore, a 150 ng dose of i.t. LPS has been shown to induce thermal
hyperalgesia (Meller et al., 1994).

2.6.5. Experiment 5: Effect of fluorocitrate administration on the expression of
the LPS-induced learning deficit—Finally, to determine the necessity of glia in the LPS-
induced learning deficit, spinally transected subjects were administered 0.5 nmol of
fluorocitrate or vehicle ina 1 uL volume 20 min prior to administration of 100 pg of LPS in
al0 pL volume (n=6). Subjects were tested 24 h later with 30 min of controllable shock.

2.7 Statistics

The effect of experimental treatment was analyzed using repeated measures analysis of
variance (ANOVA). A Tukey’s honestly significant difference (HSD) post hoc test was
performed where appropriate. For all analyses, p < 0.05 was considered significant.

2.8 Baseline Measures of Behavioral Reactivity

Initial response durations and shock intensities required to produce a 0.4 N flexion force were
analyzed across groups to ensure that drug and shock treatment had no impact on subjects’
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capacity to make the necessary behavioral response. One-way ANOVAs performed on each
measure in each experiment concluded that experimental conditions did not influence baseline
measures of behavioral reactivity, all Fs < 2.86, ps > 0.05.

3. Results

3.1. Fluorocitrate dose-dependently inhibits acquisition of spinal instrumental learning

Previous research suggests that fluorocitrate can disrupt learning and memory consolidation
(Gibbsetal., 2006a, 2006b; Hertz et al., 1996; O’Dowd et al., 1994) as well as spinally mediated
pathological pain processing (Meller et al., 1994; Milligan et al., 2003; Obata et al., 2006;
Watkins et al., 1997). To determine if fluorocitrate would interfere with spinally mediated
instrumental learning, subjects were administered vehicle, 0.0078, 0.0625, 0.5, or 4 nmol
fluorocitrate 20 min prior to testing. Subjects administered vehicle alone exhibited a
progressive increase in response duration across the 30 min of training (Fig. 1). Conversely,
administration of fluorocitrate prior to instrumental testing significantly attenuated subjects’
capacity to maintain a prolonged flexion response. An ANOVA revealed significant main
effects of time, F(29,725) = 6.77, p < 0.001, and dose, F(4,25) = 9.21, p < 0.05. The ANOVA
also indicated there was a significant time X dose interaction, F(116,725) = 1.34, p < 0.05.
Post hoc analysis of group means showed that subjects administered vehicle maintained
significantly longer response durations than subjects in the 0.0625, 0.5, and 4 nmol fluorocitrate
dose groups, p < 0.05.

3.2. Fluorocitrate does not disrupt the maintenance of spinal instrumental learning

Prior research suggests that some manipulations, such as antagonizing NMDA receptors, not
only disrupt the acquisition of spinal instrumental responses but also the maintenance of an
already acquired response (Joynes et al., 2004). Furthermore, there is evidence that glial cell
inhibition can not only act to prevent the development of pathological pain states, but also act
to attenuate and/or reverse some already acquired pathological pain states (Hains & Waxman,
2006; Lan etal., 2007; Milligan et al., 2003; Obata et al., 2006; Zhuang et al., 2006). Therefore,
we sought to determine if spinal glial inactivation could also disrupt the maintenance of the
spinal instrumental response.

Subjects were administered 0.5 nmol of fluorocitrate or vehicle 20 min into a 60 min spinal
instrumental learning testing session, sufficient time for subjects to master the task. The final
30 min of the testing session was analyzed to determine if fluorocitrate administration disrupted
performance. Pretrained groups, however, continued to exhibit a prolonged flexion response
regardless of drug condition, all Fs < 1.06, p > 0.05 (Fig. 2A). Given the null results, additional
controls were included to verify the efficacy of fluorocitrate. Subjects were loosely restrained
in testing tubes for 60 min, no shock was administered during the first 30 min, subjects were
given vehicle or 0.5 nmol of fluorocitrate 20 min into the 60 min session, and at 30 min into
the 60 min session instrumental testing began. As anticipated, subjects administered vehicle
exhibited a progressive increase in response duration, while those administered fluorocitrate
did not (Fig. 2B). An ANOVA revealed a significant main effect of time, F(29,406) = 3.88,
p <0.001, and dose, F(1,14) = 8.38, p < 0.05, as well as a significant time X dose interaction,
F(29,406) = 1.70, p < 0.05. This interaction emerged because subjects administered vehicle
exhibited significantly greater response durations over test trials, when compared to subjects
administered fluorocitrate.

3.3. Fluorocitrate protects against the development of the shock induced learning deficit

Prior exposure to uncontrollable shock inhibits the ability of subjects to learn about controllable
shock (Crown et al., 2002; Grau et al., 1998). Acquisition of this deficit can be prevented by
many substances that prevent pathological pain, such as NK-1 receptor antagonists and 5-HT
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agonists (Baumabauer et al., 2007; Crown & Grau, 2005). Given that glial cell inhibition can
prevent pathological pain (Guo et al., 2007; Hua et al., 2005; Ledeboer et al., 2005; Mika et
al., 2007; Milligan et al., 2003; Obata et al., 2006; Qin et al., 2006), we sought to determine if
glial inhibition would also prevent the spinal instrumental learning deficit. Therefore, subjects
were administered 0.5 nmol of fluorocitrate or vehicle 20 min prior to the delivery of 0 min or
6 min of uncontrollable shock.

When tested 24 h later, unshocked subjects exhibited a progressive increase in response
duration, irrespective of drug condition (Fig. 3). Conversely, shocked rats administered vehicle
exhibited a learning deficit. Interestingly, pre-treatment with fluorocitrate prevented the
induction of the shock induced learning deficit. An ANOVA revealed a significant main effect
of time, F(29,580) = 5.40, p < 0.001, shock, F(1,20) = 13.05, p < 0.01, and drug, F(1,20) =
7.21, p < 0.05. The ANOVA also revealed significant time X shock, F(29,580) = 1.50, p <
0.05, and drug X shock, F(1,20) = 16.42, p <0.01, interactions. Post hoc analysis of group
means indicate that subjects given saline had significantly shorter response durations than
subjects in all other conditions, p < 0.05.

3.4. Intrathecal LPS induces a spinal instrumental learning deficit

Previous research has shown that presenting spinally transected rats with an immune challenge
using systemic LPS results in a shock-like learning deficit that can be reversed with an
interleukin-1 (IL-1) receptor antagonist (Young et al., 2007). Given the important role that glial
cells play in the release of IL-1 and other proinflammatory cytokines, it is likely that spinal
glial cellsare involved in the production of this learning deficit. In an attempt to reduce systemic
inflammation and to more specifically target central inflammatory processes, subjects were
administered 1, 10, or 100 pg LPS or vehicle intrathecally (i.t.) 2.5 h prior to instrumental
testing. An ANOVA confirmed that rats administered LPS had shorter response durations over
time than rats administered vehicle, F(87,580) = 1.37, p < 0.05 (Fig. 4A). Next we sought to
determine if i.t. LPS produced a long lasting learning deficit. Although, much of the
inflammation induced by LPS administration would have resolved within 24 h, research
suggests that LPS induces long lasting changes in glial cell activation (Sugaya et al., 1998) as
well as in genes involved in learning and memory (Bonow et al., 2008). Therefore, subjects
were administered 100 ug LPS or vehicle 24 h prior to instrumental testing. We found that
subjects administered LPS had significantly shorter response durations compared to vehicle
controls, F(1,10) = 22.08, p < 0.01 (Fig. 4B). This suggests that 100 pg i.t. LPS induces a
learning deficit that lasts for at least 24 h.

3.5. Fluorocitrate attenuates the LPS-induced learning deficit

Finally, we assessed the role of spinal glia in the LPS-induced learning deficit. To accomplish
this subjects were administered 0.5 nmol of i.t. fluorocitrate or vehicle 20 min prior to receiving
100 pg of i.t. LPS. As anticipated, subjects given vehicle and LPS exhibited a learning deficit
(Fig. 5). As hypothesized, blocking glial activation with fluorocitrate prior to LPS treatment
attenuated the LPS-induced learning deficit. An ANOVA revealed significant main effects of
time, F(29,522) = 2.43, p <0.001, and dose, F(1,18) = 6.00, p < 0.05, confirming that subjects
receiving fluorocitrate prior to LPS had significantly longer response durations than those
administered vehicle prior to LPS.

4. Discussion

There is mounting evidence that glial cells modulate plasticity within the central nervous
system. Most notably, glial cells within the spinal cord (Meller et al., 1994; Milligan et al.,
2001; 2003; Sweiter et al., 2001; Takeda et al., 2004; Watkins et al., 1997), and more recently
the ventral posterolateral nucleus (Zhao et al., 2007) and the rostral ventromedial medulla
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(Wei et al., 2008), have been shown to be involved in the development and maintenance of
various experimentally induced pathological pain states. Given the parallels between the spinal
instrumental learning deficit and central sensitization, we hypothesized that glial cells would
also modulate spinal instrumental learning deficits induced by shock or inflammatory stimuli.
The experiments were also motivated by studies implicating glia in other forms of neural
plasticity, such as brain-dependent memory consolidation and LTP within the hippocampus
(Gibbs et al., 2006a, 2006b; Ikeda & Murase, 2004; Ma & Zhao, 2002). Therefore, we also
hypothesized that glial cells may be necessary for spinal instrumental learning. We found that
fluorocitrate inhibited response acquisition (Exp. 1), but did not interfere with response
maintenance (Exp. 2), of spinal instrumental learning. We also found that fluorocitrate
protected against the detrimental effects of uncontrollable shock (Exp. 3) and attenuated the
detrimental effects of LPS (Exp. 4 and 5).

This research provides further evidence for the role of glia cells in both adaptive and
pathological processes within the spinal cord. Furthermore, it suggests that controllable and
uncontrollable shock lead to vastly different outcomes and that both effects involve glial cells.
Future research will attempt to identify points of contrast between controllably and
uncontrollably shocked glial cells by examining their morphology, cytokine release, and
changes in gene expression.

Our findings provide further evidence that inflammation can disrupt learning, as reported by
others (Pugh et al., 1998; Sell et al., 2001; Shaw et al., 2001; Thomson & Sutherland, 2005).
It must be acknowledged, however, that cytokines do not invariably induce a learning deficit
and, in some cases, can enhance learning (Avital etal., 2003; Bohmeetal., 1993, 1991; Brennan
etal., 2003; Goshen et al., 2007; Lu et al., 1999; Malen and Chapman, 1997; Pollmécher et al.,
2002; Zhuo et al., 1993). Furthermore, in brain-dependent tasks, some changes in performance
may be attributable to inflammation-induced alterations in motivation or affect. Our data
provide additional evidence that high levels of inflammation disrupt spinal learning and
implicate glial cells in the production of this deficit. Because the inflammatory stimulus was
administered directly to the spinal cord, and because the spinal cord was surgically
disconnected from the brain, these findings suggest inflammation can impact plasticity
independent of its effect on brain-dependent motivational/affective systems. Fluorocitrate did
not, however, completely reverse the LPS-induced learning deficit. This may have occurred
because a high dose of LPS was used, one known to produce a robust allodynia and C-fiber
activation (Meller et al., 1994; Reeve et al., 2000). At this dose, the effect of LPS could have
extended beyond the effective reach of fluorocitrate treatment.

The present study provides further evidence that spinal glia modulate both adaptive and
pathological processes within the spinal cord (Chen et al., 2008; Hains & Waxman, 2006;
Meller et al., 1994; Milligan etal., 2001, 2003; Narita et al., 2006; Sweiter et al., 2001; Watkins
et al., 1997). Furthermore, the results suggest that the spinal instrumental learning paradigm
provides an excellent model to explore the mechanisms that mediate these effects. At the same
time, we must acknowledge some limitations to this work. First, although fluorocitrate has
been shown to be selective for glial cells and reversible at low doses (less than 1 nmol), drug
selectivity is an inherent concern when using a pharmacological strategy. Therefore, future
research verifying the effectiveness of fluorocitrate in the inhibition of glial cells and the use
of other glial inhibitors to provide converging lines of evidence are planned. Another limitation
concerns the potential role of factors known to impact the expression of learned behavior, such
as state-dependent learning and performance effects. Although our paradigm effectively
isolates spinal tissue from direct, brain-dependent, alterations in motivation and affect, indirect
influences are possible. Further, some experimental manipulations may disrupt the
performance of our target response, which is why care is taken to assess behavioral
responsiveness at the start of testing.
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As the mechanisms by which glial cells modulate plasticity within the spinal cord are
elucidated, novel treatment targets will be uncovered. Future research needs to dissociate the
contribution to adaptive and pathological processes. The long-term goal of this work is to
identify cellular manipulations that selectively promote adaptive plasticity and inhibit
destructive processes that foster pathological pain and undermine function (Gomez-Pinilla et
al., 2007; Grau et al., 2004; Hook et al, 2008; Young et al., 2007). This information may
improve treatment options for those suffering from spinal cord injuries, pathological pain, and
diseases characterized by heightened levels of glial cell activation, such as multiple sclerosis,
ALS (amyotrophic lateral sclerosis), and Alzheimer’s disease.
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Fig. 1.

Fluorocitrate inhibits spinal instrumental learning in a dose dependent fashion. Spinally
transected rats subjects received vehicle (open squares), 0.0078 (diamonds), 0.0625 (light
triangles), 0.5 (circles), or 4 (dark triangles) nmol of fluorocitrate 20-min prior to the onset of
controllable shock. Changes in response duration across time (A) and mean (£SEM) response
durations (B) are depicted.
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Fig. 2.

Fluorocitrate does not affect the maintenance of spinal instrumental learning. Subjects received
0.5 nmol fluorocitrate or vehicle 20-min into a 60-min test session. Changes in response
duration across time (A) and mean (xSEM) response durations for the last 30-min of testing
(B) are depicted. In the control experiment transected subjects received 0.5 nmol fluorocitrate
or vehicle 10-min prior to 30-min of testing to verified the potency of the drug. Changes in
response duration across time (C) and mean (£SEM) response durations for the last 30-min of
testing (D) are depicted. An asterisk (*) indicates there was a statistically significant difference
(p <.05).
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Fluorocitrate protects against the development of the learning deficit. Subjects received 0.5
nmol fluorocitrate or vehicle 20-min prior to the onset of controllable shock. Changes in
response duration across time (A) and mean (£SEM) response durations (B) are depicted. An
asterisk (*) indicates that a statistically significant difference was observed (p < .05).
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or vehicle 150-min (A and B) or 24-hr (C and D) prior to the onset of controllable shock. An
asterisk (*) indicates that a statistically significant difference was observed (p < .05).
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Fig. 5.

Fluorocitrate attenuates the LPS-induced learning deficit. Subjects received 0.5 nmol
fluorocitrate or vehicle 20-min prior to LPS administration (100 pg). Changes in response
duration across time (A) and mean (xSEM) response durations (B) are depicted. An asterisk
(*) indicates that a statistically significant difference was observed (p < .05).
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