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Abstract

In the absence of brain input, spinal systems can adapt to new environmental relations. For
example, spinally transected rats given a legshock each time the leg is extended exhibit a
progressive increase in flexion duration that minimizes net shock exposure, a simple form of
instrumental learning. This capacity for learning is modulated by prior stimulation; both variable
shock and inflammation produce a lasting inhibition of learning. An extended exposure to fixed
spaced shock has no adverse effect on learning and opposes the consequences of variable shock.
The present studies expand on these findings and demonstrate that fixed stimulation ameliorates
the impact of peripheral inflammation. Spinally transected rats were administered 900 fixed
spaced legshocks prior to (Experiment 1) or 1800 legshocks following (Experiment 2) a
subcutaneous hindpaw injection of capsaicin. Learning was assessed 24 hr later. Treatment with
fixed shock attenuated the capsaicin-induced inhibition of learning. These findings suggest that
fixed stimulation promotes adaptive plasticity and may foster recovery after injury.
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Over the past few decades, research has shown that the spinal cord is not merely a passive
conduit of information to and from the periphery. Rather, when isolated from descending
brain systems, the spinal cord can support a dynamic range of adaptive behaviors. For
example, the spinal cord can reacquire the ability to support rhythmical stepping behavior
(Edgerton et al., 1997), even gaining the ability to reduce disruptions from external
perturbing forces (Heng & de Leon, 2007; Hodgson, Roy, de Leon, Dobkin, & Edgerton,
1994). Spinal neurons are also capable of supporting other forms of adaptive behavioral
modifications, including a variety of basic learning phenomena such as habituation,
sensitization, classical conditioning, and instrumental learning (Beggs, Steinmetz, &
Patterson, 1985; Durkovic, 1975; Grau, Barstow, & Joynes, 1998; Groves & Thompson,
1970; Joynes & Grau, 1996; Spencer, Thompson, & Neilson, 1966; Wolpaw, Lee, & Carp,
1991).

Our laboratory has focused on the capacity of the isolated spinal cord to demonstrate
instrumental learning (Grau et al., 1998). Using a master-yoke preparation, one group of
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spinally transected rats (master) receives hindlimb shock whenever that limb is extended
(controllable shock). As a result of this response-contingent shock treatment, rats learn to
maintain their limbs in a flexed position that minimizes net shock exposure. A second group
of rats (yoke) is experimentally coupled to rats in the controllable shock condition and
receives stimulation at the same time and duration, but independent of leg position
(uncontrollable shock). Yoked rats do not exhibit an increase in flexion duration during
training and fail to learn when tested later with controllable shock, a learning deficit that is
reminiscent of learned helplessness (Grau et al., 1998; Maier & Seligman, 1976; Overmier
& Seligman, 1967). While uncontrollable stimulation disables the capacity to learn,
controllable stimulation engages an opponent process that enables learning (Crown,
Ferguson, Joynes, & Grau, 2002a) and can both prevent and reverse the learning deficit
observed after uncontrollable shock (Crown & Grau, 2001).

Recent work has attempted to elucidate the mechanisms that underlie instrumental learning
and the learning deficit. Evidence suggests that instrumental learning is reinforced by shock
onset (Grau et al., 1998), involves a form of NMDA receptor (NMDAR) mediated plasticity
(Joynes, Janjua, & Grau, 2004), and exerts a protective effect through the neurotrophin
BDNF (Gomez -Pinilla et al., 2007). Paradoxically, the induction of the learning deficit is
also NMDAR-dependent (Ferguson, Crown, & Grau, 2006), leading us to suggest that it
may reflect a diffuse state of over-excitation akin to central sensitization (Baumbauer,
Young, Hoy, & Joynes, 2007b; Baumbauer, Young, & Joynes, 2009; Ferguson et al., 2006;
Grau et al., 2006; Hook, Huie, & Grau, 2008). Central sensitization is an NMDAR mediated
increase in neural excitability within the spinal cord that is associated with an increase in
pain-like behavior to mechanical stimulation (allodynia; Coderre & Melzack, 1992; Malan
et al., 2000; Urban & Gebhart, 1999). This over-excitation could saturate plasticity and
thereby inhibit the acquisition of selective response modifications (Baumbauer, Young et al.,
2007b; Baumbauer, Young et al., 2009; Ferguson et al., 2006; Grau et al., 2006; Hook et al.,
2008). Supporting this, we have shown that uncontrollable shock enhances mechanical
reactivity (Ferguson et al., 2006) and that manipulations which induce central sensitization,
such as peripheral inflammation (e.g. from capsaicin administration) or tissue damage, also
inhibit instrumental learning (Hook et al., 2008; Young, Baumbauer, Hillyer, & Joynes,
2007; Young et al., 2008). Further, just as controllable stimulation can both prevent and
reverse the learning deficit induced by uncontrollable shock, it has a protective/restorative
effect on the inflammation-induced allodynia and learning impairment (Hook et al., 2008).

Additional studies have sought to detail the stimulus conditions that interfere with spinal
learning. To accomplish this, we developed a computer program to emulate the distribution
of shocks produced by master rats during acquisition (the first 5-10 min of instrumental
training; Crown, Ferguson, Joynes, & Grau, 2002b). Analyses revealed that master rats
typically received thirty 80-ms shocks per minute, yielding an average interstimulus interval
(ISI) of 2 s. Because the duration of each response varied, yoked rats received shocks at
varying intervals. Given these parameters, the program was designed to administer shock on
a variable time (VT) schedule, with an average IS of 2 s and a range of 0.2st0 3.8 s
(rectangular distribution). Using this program, we found that just 180 shocks delivered to the
leg, tail, or sciatic nerve produced a learning deficit that persisted for up to 48 hr
(Baumbauer et al., 2008; Baumbauer, Huie, Hughes, & Grau, 2009; Crown et al., 2002b;
Ferguson et al., 2006). To derive the optimal frequency, we switched from variable
stimulation to regular (fixed time [FT]) shock (Baumbauer et al., 2008). When subjects
received just 180 shocks spaced 2 s apart, FT stimulation produced a learning deficit.
However, when shock number was increased from 180 to 900 shocks, a surprising outcome
was observed. Under these conditions, only VT stimulation produced a learning deficit, and
this was true independent of how shock was applied (Baumbauer et al., 2008; Baumbauer et
al., 2009). Moreover, an extended exposure to FT shock not only failed to yield a learning
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deficit, it induced a restorative effect similar to that produced by controllable stimulation,
both preventing and reversing the learning deficit induced by uncontrollable VT shock
(Baumbauer et al., 2009). We have now shown that the protective effect of FT shock
depends on an NMDAR-mediated form of plasticity, the release of the BDNF, and de novo
protein synthesis (Baumbauer et al., 2009).

Our results suggest that FT stimulation fosters adaptive plasticity, while VT stimulation has
a disabling effect. Interestingly, FT and VT stimulation also have opposing effects on tactile
reactivity. Whereas VT stimulation enhances tactile reactivity, exposure to FT stimulation
causes a decrease in reactivity (Baumbauer et al., under review). Furthermore, like
controllable shock, FT stimulation prevents and reverses the allodynia associated with
hindpaw inflammation. Here, we expand on our previous work detailing the acute impact of
FT stimulation and focus on its long-term effect. Specifically, we explore whether treatment
with FT stimulation can preserve (Experiment 1) and restore (Experiment 2) the capacity to
learn when performance was examined 24 hr following shock and capsaicin treatment. We
show that FT, but not VT, stimulation protects spinal neurons against the deficit produced
by capsaicin. Exposure to FT stimulation also reinstated learning, suggesting that FT
stimulation engages mechanisms that mitigate the long-term impact of inflammatory
stimulation.

General Method

Subjects

Subjects were male, Sprague-Dawley rats obtained from Harlan (Houston, TX). Rats were
70-90 days old and weighed 300-350g at the time of spinal cord transection. They were
housed in pairs with free access to food and water, and were maintained on a 14-10 hr light-
dark cycle. All experiments were carried out in accordance with NIH standards for the care
and use of laboratory animals (NIH publications No. 80-23), and were approved by the
University Laboratory Animal Care Committee at Texas A&M University. Every effort was
made to minimize suffering and limit the number of animals used.

Spinalization Surgery

Prior to surgery, the fur over the thoracic portion of the vertebral column was shaved and
disinfected with betadine solution (H-E-B, San Antonio, TX). Rats were anesthetized with
isoflurane gas. The rat’s head was rendered immobile in a stereotaxic apparatus with a small
(5 X 4 X 2.5 cm) gauze pillow under the subject’s chest. An anterior to posterior incision
over the second thoracic vertebrae (T2) was made, the tissue just rostral to T2 was cleared
using rongeurs, and the cord exposed and cauterized. The remaining gap in the cord was
filled with Gelfoam (Pharmacia Corp., Kalamazoo, MI) and the wound was closed with
Michel clips (Fisher Scientific, Waltham, MA). Following closure of the wound, the surface
of each leg was shaved for electrode placement. Intraperitoneal injections (3 mL) of 0.9%
saline solution were administered post-operatively to prevent dehydration. Following
surgery, rats were placed in a temperature-controlled environment (25.5 °C) and monitored
until awake. All rats were checked every six to eight hours during the 18-24 hr post-surgical
period. During this time, hydration was maintained with supplemental injections of saline,
and the rats’ bladders and colons were expressed as necessary.

Spinal transections were confirmed by inspecting the cord under a 10x dissection scope, and
observing the behavior of the subjects after they recovered to ensure that they exhibited
paralysis below the level of the forepaws and did not exhibit any supraspinally-mediated
pain responses to legshock.
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Stimulation Procedures

Shock was applied using intramuscular shock electrodes constructed from stainless steel
wire (0.01 mm? [36 AWG], magnet wire single beldsol) that was inserted into the tibialis
anterior muscle. Shock was administered using a constant current AC shock generator
(Model SG-903; BRS/LVE, Laurel MD), with the intensity set to a value that produced a 0.4
Newton (N flexion force (see Instrumental Testing). To determine how stimulation delivery
affected subsequent behavior, subjects were administered 80 ms tailshocks on a variable
(range = 0.2-3.8 s, mean ISI = 2 s) or fixed (2 s ISI) schedule. Prior work has shown that
variable shock undermines learning (Baumbauer et al., 2008; Baumbauer et al., 2009;
Baumbauer et al., 2007b; Crown et al., 2002b; Ferguson et al., 2008), while fixed shock
does not (Baumbauer et al., 2008; Baumbauer et al., 2009).

Capsaicin Injections

1% Capsaicin (Sigma-Aldrich, St. Louis, MO) was dissolved in 50 pL of vehicle (Tween 20
[7%] and saline [93%]) and injected subcutaneously into the dorsal surface of the foot.
Using the dorsal surface of the paw as the site of injection ensured that the resulting edema
did not impact any of our assessment procedures (Hook et al., 2008).

Tactile reactivity

Apparatus

To determine whether our manipulations produced any changes in tactile reactivity,
thresholds were assessed 24 hr following treatment (immediately prior to instrumental
testing) using von Frey filaments (Stoelting, Wood Dale, IL). Sensitivity was determined by
stimulating the mid-plantar surface of each hindpaw in an ascending order until a flexion
response was elicited. Stimuli were presented twice to each paw in an ABBA
counterbalanced fashion (A = left, B = right), with testing on the same leg separated by a 2
min interval. Filament thickness/force was related to behavior using the transformation
provided by the manufacturer: Intensity = log10 (10,000 -g). This transformation yields a
scale that is approximately linear and amenable to parametric analyses. For purposes of
analysis, data were converted to change from baseline scores using subjects’ prestimulation
(Experiment 1) or preinjection (Experiment 2) response thresholds as baseline reactivity.

The apparatus used was similar to that described elsewhere (Grau et al., 1998). Briefly,
during instrumental training, all subjects were loosely restrained in Plexiglas tubes, with
their hindlimbs suspended above a saline solution contained in a rectangular plastic dish
(11.5cm [w] X 19 cm [I] X 5 cm [d]) positioned 7.5 cm below the restraining tube. Holes
were drilled into the anterior portion of the tubes to allow for ventilation. Two slots were cut
4 cm apart and 1.5 cm from the posterior end of the tube to allow both hind legs to hang
freely. To monitor leg position, a stainless steel rod (7 cm [I], 0.46 mm [w]) was attached to
the pad of one foot (contact electrode) extending past the toes. The contact electrode was
taped to the plantar surface of the rat’s foot (Orthaletic, 1.3 cm [width]; Johnson & Johnson,
New Brunswick, NJ) with the end positioned directly in front of the plantar protuberance.
Heat-shrink tubing electrically insulated the rod from the paw. A fine wire (0.01 mm? [36
AWG], magnet wire single beldsol) was attached to the end of the rod at a point under the
insulation. This wire extended from the rear of the foot and was connected to a digital input
board that was monitored by a Macintosh G4 computer. To minimize lateral leg movements,
a piece of porous tape (Orthaletic, 1.3 cm [width]) was wrapped around the leg above the
tarsus and attached under the front panel of the restraining tube.
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Two electrodes were inserted into one hindleg. The first electrode was constructed of
stainless steel wire (0.05 mm? [30 AWG]) and was inserted through the skin over the tibia,
1.5 cm from the tarsus. The second was made of fine wire (0.01 mm?2 [36 AWG], magnet
wire single beldsol) and was inserted perpendicular to the leg, through the body of the
tibialis anterior muscle, 1.7 cm above the first electrode. Legshock was applied by attaching
one lead from a constant current AC shock generator (Model SG-903; BRS/LVE, Laurel
MD) to the electrode inserted into the tibialis anterior muscle. The second lead was attached
to the wire implanted in the skin over the tibia. Shock (60 Hz, AC) intensity was adjusted for
each subject to a level that produced a 0.4 N flexion response. This value was determined
prior to instrumental training by looping a monofilament plastic line (“6 Ib.” test strength;
Du Pont, Wilmington DE) around the rat’s ankle. The end of the line was attached to a strain
gauge (Fort-1000; World Precision Instruments, New Haven, CT) fastened to a ringstand.
The strain gauge output was fed through a calibrated multimeter that allowed for a
conversion from voltage to force in N. To determine the necessary flexion force, a single
300 ms shock was applied to the leg and the shock intensity was adjusted in a manner that
resulted in the prescribed flexion force. After flexion force was set, the monofilament line
was removed from the rat’s paw and the saline solution was adjusted so that the contact
electrode sat 4 mm beneath the surface of the salt solution. Once the animals were prepared,
the 30 min instrumental testing session began. Whenever the subjects’ legs were in the down
position, the end of the rod contacted the saline solution and completed an electrical circuit.
When the circuit was closed, shock was delivered to the tibialis anterior muscle that elicited
a flexion response. The flexion response broke the circuit and terminated the shock.

Behavioral Measures of Learning

Statistics

Training and testing sessions were divided into 30, 1-min bins to examine learning across
trials. Response number and response duration were collected by the computer during these
sessions, and were separately averaged across each 1-min bin. Every time the contact
electrode left the solution, the number of responses was increased by one. The computer also
recorded the amount of time the electrode remained out of the solution. Response duration
served as the primary measure of learning and was calculated for each 1-min bin using the
equation: response duration = (time out of solution) |[(response number + 1). Focusing on
this measure allowed us to avoid a number of interpretative problems that have plagued
other studies associated with using other measures such as response number (Buerger,
Eisenstein, & Reep, 1981; Church, 1964; Grau et al., 1998).

Elsewhere, we have shown that treatments that disrupt learning (as indexed by a decrease in
response duration) do not undermine subjects’ capacity to perform the target response.
Indeed, subjects that fail to learn typically exhibit the highest rates of responding. A similar
pattern was observed in the present study. For example, as reported elsewhere (Hook et al.,
2008), peripheral treatment with capsaicin alone (without FT stimulation) impaired
instrumental learning (as indexed by an increase in flexion duration) relative to the vehicle
treated controls (Experiments 1 and 2). Rats that received capsaicin alone also exhibited the
highest rate (mean £ SEM) of responding (vehicle = 37.95 + 21.06; capsaicin treated =
180.99 + 38.28). Even though capsaicin treated rats repeatedly experienced the response-
outcome relation, it did not produce an increase in flexion duration.

All behavioral measures were analyzed using mixed-design analysis of variance (ANOVA)
or analysis of covariance (ANCOVA). Where appropriate, Tukey’s Honestly Significant
Difference (HSD) was used to conduct post hoc analyses. Significant group differences are
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indicated in the figures with an **’. In all cases, p < .05 was used to determine statistical
significance.

Experiment 1

Method

Results

Previous work has shown that FT stimulation attenuates inflammation-induced allodynia
when tactile thresholds are assessed shortly after drug treatment (Baumbauer et al., under
review). The present experiment examined whether FT stimulation administered prior to
hindpaw capsaicin treatment has a lasting protective effect on mechanical reactivity and
whether FT stimulation preserved the ability to learn 24 hr after capsaicin treatment.

Forty-eight subjects (n = 8 per condition) received 900 FT legshocks, 900 VT legshocks, or
nothing, immediately prior to subcutaneous injection of 1% capsaicin or physiological saline
(50 uL vol) into one hindpaw. Shock and capsaicin treatment always occurred on the same
limb, and the limb treated was counterbalanced across subjects. Tactile reactivity was tested
for 3 hr following capsaicin administration. These data have been published elsewhere
(Baumbauer et al., under review), and showed that capsaicin increased tactile reactivity and
that this effect was prevented by prior treatment with fixed stimulation. Twenty-four hr later,
tactile reactivity was assessed (see below) and rats were prepared for instrumental testing.
To reduce the impact of edema on electrode placement or performance, instrumental testing
occurred on the limb contralateral to capsaicin/shock treatment.

Twenty-four hr following shock treatment, rats were returned to the testing apparatus and
response thresholds were assessed. Rats in the FT condition were less responsive to
mechanical stimulation when compared to subjects in all other groups (Figure 1). Analysis
failed to detect differences based on leg treated, F(1, 42) < 1.0, p > .05. Consequently, we
collapsed our data across this variable for subsequent analysis. An ANOVA revealed a
significant main effect of Shock condition, F(2, 42) = 12.20, p < .001. No other effects
approached statistical significance, all Fs < 2.63, p > .05. Post hoc analysis confirmed that
subjects in the FT condition exhibited greater response thresholds than subjects in the other
shock conditions (p < .05).

Immediately following assessment of tactile reactivity, rats were prepared for instrumental
testing. To determine if our experimental procedures affected subjects’ capacity to perform
the target flexion response, we analyzed the amount of stimulation required to produce a 0.4
N flexion force, as well as subjects’ initial flexion durations. Shock intensities (mean +
SEM) ranged from 0.47 £ 0.02 mA to 0.50 £ 0.02 mA, and initial flexion durations ranged
from 0.13 £ 0.01 sto 0.17 + 0.01 s. Individual ANOVAs performed on each measure failed
to detect any significant differences in shock intensity, all Fs < 1.00, p > .05, but did reveal
significant differences in initial response duration based on shock condition, F(2, 42) = 4.10,
p <.05. Post hoc comparisons of group means demonstrated that rats in the FT shock
condition had significantly longer initial flexion durations than rats in the VT shock
condition. To evaluate whether this difference contributed to the results reported below, we
analyzed the test data using an ANCOVA, entering initial response duration as a cofactor.
Importantly, the ANCOVA revealed that initial response duration did not account for a
significant proportion of the variance, F(1, 19) < 1.00, p < .05.

Subcutaneous injection of capsaicin undermined learning in unshocked rats (Figure 2). Rats
administered VT shock exhibited a learning deficit at test, irrespective of drug treatment.
Treatment with FT shock prior to capsaicin administration prevented the drug-induced
learning deficit. An ANCOVA revealed significant main effects of Shock Condition and
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Trials, as well as significant Shock Condition X Trials and Shock Condition X Drug
Condition interactions, all Fs > 1.60, p <.05. No other effects approached statistical
significance, all Fs < 2.00, p > .05. Post hoc comparisons of group means demonstrated that
unshocked subjects administered saline, as well as rats in the FT shock condition,
maintained significantly longer response durations when compared to all other rats (p < .05).

Experiment 2

Method

Results

Experiment 1 showed that preexposure to FT stimulation has an effect similar to training
with controllable shock, inducing a protective effect that blocks induction of the capsaicin-
induced learning deficit. In addition to preventing deficit induction, controllable shock
attenuates inflammation-induced allodynia and reinstates learning when administered
following capsaicin (Hook et al., 2008). Elsewhere, we have shown that FT stimulation
reverses capsaicin-induced allodynia (Baumbauer et al., under review), but this effect was
not evident until the amount of stimulation was increased from 900 to 1800 FT shocks,
suggesting that the consequences of FT stimulation grow with training (Baumbauer et al.,
2008; Baumbauer et al., 2009). The current experiment explores whether extended exposure
(1800 shock) to FT stimulation also reverses the capsaicin-induced learning deficit.

Thirty-two rats (n = 8 per condition) received subcutaneous hindpaw injections of 1%
capsaicin or physiological saline (50 puL vol). Tactile reactivity was monitored for the next 3
hr. Rats then received 0 or 1800 FT legshocks. Shock and capsaicin treatment always
occurred on the same limb, and the limb treated was counterbalanced across subjects. A VT
shock treated condition was not included because we have previously shown that
uncontrollable VT shock has an adverse, rather than restorative, effect on subsequent
learning (Baumbauer et al., 2008; Baumbauer et al., 2009; Crown & Grau, 2001). Day 1
tactile reactivity is reported elsewhere and showed that FT stimulation can attenuate
allodynia after capsaicin treatment (Baumbauer et al., under review). Here, we focus on the
results obtained 24 hrs later. Rats received an additional assessment of tactile reactivity and
were prepared for instrumental testing. To reduce the impact of edema on electrode
placement on performance, instrumental testing occurred on the contralateral limb to
capsaicin/shock treatment.

Rats administered FT stimulation exhibited significantly higher response thresholds than
unshocked rats (Figure 3). An ANOVA performed on the overall data failed to detect any
differences based on leg treated, F(1, 28) < 1.0, p > .05. Consequently, we collapsed the data
across this variable. The subsequent ANOVA revealed a significant main effect of Shock
Condition, F(1, 32) = 6.71, p < .05. No other statistical effects approached significance, all
Fs < 3.10, p > .05. Post hoc analysis of group means confirmed that rats in the FT condition
were less responsive relative to unshocked rats (p < .05).

To determine if our experimental manipulations affected subjects’ ability to perform a
flexion response, we analyzed the amount of stimulation required to produce a 0.4 N flexion
force and subjects’ initial flexion durations. Shock intensities (+ SEM) ranged from 0.51 +
0.02 mA to 0.56 £ 0.01 mA, and initial response durations ranged from 0.13 + 0.01 s to 0.17
+0.01 s. Individual ANOVAs revealed significant differences based on drug condition on
both measures. Post hoc analysis of group means demonstrated that saline treated rats
required significantly more stimulation to elicit a 0.4 N flexion force and maintained
significantly longer initial flexion durations. Given these differences, subsequent analyses
were performed using an ANCOVA, entering shock intensity and initial flexion duration as
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cofactors, to determine whether differences on either variable affected our experimental
findings. Importantly, the ANCOVA revealed that neither covariate accounted for a
significant proportion of the variance, both Fs < 1.0, p > .05.

As observed in the previous experiment, unshocked rats given capsaicin alone exhibited a
learning deficit (Figure 4). Interestingly, treatment with fixed stimulation after capsaicin
restored learning. An ANCOVA revealed significant main effects of Shock Condition and
Drug Condition, as well as significant Shock Condition X Drug Condition interactions, all
Fs > 4.23, p < .05. The significant two-way interaction emerged because unshocked subjects
administered capsaicin exhibited significantly shorter response durations than rats in all
other conditions (p < .05).

General Discussion

We have shown elsewhere that FT stimulation engages a process that can attenuate the acute
allodynia induced by peripheral capsaicin treatment (Baumbauer et al, under review). FT
stimulation was effective whether given before or after capsaicin treatment. However, to
reverse the consequences of inflammation required additional training (1,800 rather than 900
FT shocks), presumably because inflammation (relative to uncontrollable shock) provides a
more robust stimulus. The present study focused on a long-term consequence of capsaicin
treatment, its impact on instrumental learning. As previously reported (Hook et al., 2008),
we found that capsaicin-treated subjects exhibited impaired instrumental learning when
tested on the contralateral leg 24 hrs after the inflammatory stimulus was applied. This
observation is important because it suggests that inflammation has a residual long-term
effect that impacts spinal plasticity and that the capacity for instrumental learning is a
sensitive measure of this effect. Pretreatment with FT stimulation blocked the induction of
the capsaicin-induced learning impairment (Experiment 1). Similarly, exposure to FT
stimulation 3 hrs after capsaicin was applied reversed its long-term effect on learning
(Experiment 2). Together, these results imply that FT stimulation counters both the
induction and maintenance of the acute and long-term consequences of capsaicin treatment.

Our results provide further evidence that behavioral control and FT stimulation have parallel
effects. Both do far more than prevent the induction of a learning impairment. Instead, they
appear to engage a protective/restorative effect that counters the consequences of
uncontrollable stimulation and peripheral inflammation (Baumbauer et al., under review;
Hook et al., 2008). Further, both types of stimulation can enable learning when subjects are
tested with a more difficult response criterion (Baumbauer, Young, Hoy, & Joynes, 2007a;
Crown et al., 2002a; Gémez -Pinilla et al., 2007; Huie, Baumbauer, Hughes, & Grau, 2008)
and, in both cases, these beneficial effects have been linked to the neurotrophin BDNF
(Baumbauer et al., 2009; Gomez-Pinilla et al., 2007). Finally, both instrumental learning and
FT stimulation depend on a form of NMDAR-mediated plasticity (Baumbauer et al., 2009;
Joynes et al., 2004).

Given that FT stimulation and instrumental control have parallel effects, and depend on
common neurochemical systems (NMDAR and BDNF), one might posit that they depend on
common functional systems. Within the learning literature, learning about temporal
regularity is sometimes characterized as a form of Pavlovian (temporal) conditioning
(Pavlov, 1927), wherein the time between events functions as a kind of Pavlovian
conditioned stimulus (CS) and shock onset operates as the unconditioned stimulus (US).
Conceiving of the FT effect as a type of learning would help to explain why the emergence
of the FT effect requires training (and that early in training VT and FT stimulation have
similar effects). A learning-based account is also supported by the observations that the
long-term consequences of FT training depend on NMDAR-mediated plasticity and protein
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synthesis (Baumbauer et al., 2009). Finally, if instituting a regular relation has a beneficial
effect because it introduces a kind of Pavlovian cue (the time between shocks), then an
explicit Pavlovian cue (a cutaneous stimulus) should also have a protective effect.
Supporting this, we have recently obtained data have demonstrated that an external CS (200
ms legshock) that precedes the onset of tailshock prevents deficit induction.

If the FT effect is a kind of stimulus-stimulus (S-S; Pavlovian) learning, then the question of
functional commonality with spinally-mediated instrumental (response-outcome [R-O])
learning can be rephrased. In particular, can spinal instrumental learning be treated as a type
of Pavlovian conditioning? Decades ago, Konorski (1948) suggested that the acquisition of a
similar motoric effect could be mediated by a form of S-S learning, wherein an afferent
signal (indicating limb position) serves as a Pavlovian CS. Pairing this CS with shock onset
(the US) could strengthen the flexion response (the conditioned response [CR]).
Alternatively, one could argue that a cue related to the temporal dynamics of performing a
motor response (R) provides a cue (a kind of hour glass) that could support a form of
temporal conditioning. In either case, one could question whether the difference between
instrumental and Pavlovian conditioning in this system has more to do with experimenter-
defined variables than mechanistic differences within the organism (c.f. Timberlake, 1999;
Timberlake & Lucas, 1989). Nonetheless, being aware that both instrumental control and the
introduction of stimulus regularity can have beneficial effects may be important to the
development of clinical therapies, because they provide alternative routes for engaging a
beneficial effect. Yet, within this reduced preparation, both environmental contingencies
may be mediated by common systems.

Independent of how we characterize the relation between FT stimulation and instrumental
control, it is clear that spinal mechanisms can discriminate regular versus irregular stimuli
and that these two forms of stimulation have divergent effects. At a physiological level, how
could the system discriminate the stimuli? One possibility is that FT and VT stimulation
engage distinct fiber pathways, providing a kind of “filter” that allows each to have a
divergent effect (Baumbauer et al., 2009). Indirect support for this view comes from the
recent observation that low frequency stimulation can induce either long-term potentiation
(LTP) or long-term depression (LTD) in the spinal cord depending upon the spinal tract
stimulated (lkeda et al., 2006). However, from this perspective, it is not clear why FT and
VT stimulation have similar effects after 36—180 shocks (inducing both an allodynia and a
learning deficit). The fact they have common effects suggests that common mechanisms
may be initially engaged and that the benefit of FT stimulation depends on a more central
mechanism and extended training. Alternatively, as suggested above, introducing a FT
relation may be important because it provides a new cue that accurately predicts the
occurrence of shock onset. This cue could be provided by a physiological process that
decays at a regular rate, yielding a physiological hourglass (Boulos & Terman, 1980).
Alternatively, a sense of time could be gained through the entrainment of the central pattern
generator (CPG) used to drive the rhythmical stepping pattern (Baumbauer et al., 2008;
Baumbauer et al., 2009; Kiehn, 2006; McCrea & Rybak, 2008). Indirect evidence for this
perspective comes from research demonstrating that the stimulus frequencies that generate a
FT effect lie within the frequency range of stepping (de Leon, Hodgson, Roy, & Edgerton,
1994; Roy, Hutchinson, Pierotti, Hodgson, & Edgerton, 1991). Our data are in agreement
with other studies suggesting that simple systems can exhibit timing-like behavior.
Experiments using the isolated salamander retina have shown that delivering alternating
patterns of light and dark stimulation can entrain the retina to respond in a predictable
manner when a violation in the pattern of presentation occurs (Schwartz, Harris, Shrom, &
Berry, 2007). Specifically, after the pattern has been entrained, omission of a stimulus leads
to an increase in spike bursting that is precisely timed to when the stimulus should have
occurred. Similarly, temporal regularity influences plasticity in the visual cortex (Perrett,
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Dudek, Eagleman, Montague, & Friedlander, 2001). Low frequency (1 Hz) stimulation
administered in a regular (FT) manner leads to LTD while administering the same average
frequency of stimulation in a variable (VT) manner leads to LTP. Taken together, these
results suggest that the ability to engage in timing-like behavior may be a fundamental
attribute of neural ensembles and may not be relegated to specific neuroanatomical regions.

Our data are also in agreement with studies examining the impact of uncontrollable
stimulation in intact subjects. Uncontrollable stimulation is frequently used to model stress
phenomena (Christianson, Thompson, Watkins, & Maier, 2009; Maier & Seligman, 1976;
Overmier & Seligman, 1967, and work has shown that regular and variable stimulation have
a divergent impact on behavior. For example, human participants will rate regularly
presented aversive stimulation (shock administered every 2 s) as evoking less anxiety and
having less negative valence and lower pain intensity, than unpredictable stimuli (variable
shock administered, on average, every 2 s; range = 0.2 — 3.8 s; Carlsson et al., 2006).
Research using animal models has shown similar effects, but only under extended
stimulation conditions. In particular, rats exposed to one session of variable or fixed spaced
stimulation exhibited decreased exploratory behavior, increased hot plate paw lick latencies,
and increased inhibition of brain monoamine oxidase (MAO) relative to controls (Lemoine,
Armando, Brun, Barontini, & Segura, 1994). However, when the rats were given 10 sessions
of fixed or variable stimulation, subjects in the fixed spaced conditioned did not differ from
untreated controls. Like the results reported here, these finding imply that fixed and variable
stimulation can have divergent behavioral/physiological effects and that these differences
may only emerge after extended training.

In the pain literature, researchers have generally used regular stimulation to study
phenomena such as “wind-up” and “wind-down”. These phenomena are induced using
regular (e.g., 1 Hz) electrical stimulation of an afferent nerve (e.g., the sciatic). After a
relatively small number of stimuli (e.g., 10-16 pulses), spinal neurons exhibit an increase in
excitability (wind-up) and tactile allodynia (Mendell, 1966; Woolf, 1996). If stimulation is
continued, neuronal excitability is depressed (wind-down) and behavioral reactivity
diminishes (Price et al., 2007). These results parallel the effects we observe after FT
stimulation. What our findings suggest is that the transition from wind-up to wind-down
may depend on the imposition of stimulus regularity, and that the emergence of wind-down
could reflect a NMDAR/protein synthesis dependent process. Further, just as irregular and
regular low frequency stimulation (900 pulses) within the visual cortex has divergent effects
(inducing LTP versus LTD, respectively), continued irregular stimulation could induce
central sensitization. Indeed, this could help address what is otherwise a puzzling
observation. Because wind-up and central sensitization depend on some common
neurochemical systems (e.g., NMDAR), and have a common behavioral effect (allodynia),
researchers posited that the two phenomena are related (Baranauskas & Nistri, 1998; Urban,
Thompson, & Dray, 1994; Woolf & Thompson, 1991). Yet, continued exposure to the
stimulus train used to induce wind-up yields wind-down (Herrero, Laird, & Lopez-Garcia,
2000; Traub, 1997). Our results suggest that using VT stimulation (a pattern of stimulation
that emulates the erratic firing of C fibers elicited by peripheral inflammation) will produce
a central sensitization-like effect, with no evidence of wind-down.

Our results have important clinical implications, demonstrating that FT stimulation can not
only reverse the allodynia associated with peripheral inflammation (Baumbauer et al., under
review), but can also reinstate the ability to learn. FT stimulation may be a viable treatment
alternative to surgical procedures or opiate-derivatives for the treatment of neuropathic pain.
While FT and controllable stimulation both have a beneficial antiallodynic effect, FT
stimulation may be more easily translated to clinical settings because it can be applied
cutaneously without the need for intramuscular implantation of electrodes or the execution
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of a motor response. Moreover, given that FT stimulation enhances motor output (e.g.
acquiring the prolonged foot flexion response; Huie et al., 2008), FT stimulation could also
benefit the recovery of locomotor function following spinal injury.
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Figure 1.

The effect of stimulation on tactile reactivity 24 hr following capsaicin treatment. Twenty-
four hr following administration of 1% capsaicin or saline and fixed or variable shock
treatment, rats received a final assessment of mechanical reactivity. Response values are
depicted as changed from baseline scores. Asterisks indicate statistically significant
differences (p < .05), and error bars depict + SEM.
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Figure 2.

The effect of shock treatment on the capsaicin-induced learning deficit. Twenty-four hr
following receiving capsaicin or saline and fixed or variable shock treatment, rats were
tested for the capacity to demonstrate instrumental learning. The panel on the left depicts
subjects’ response durations over time and the panel on the right depicts response duration
as a mean value collapsed across time. Asterisks indicate statistically significant differences
(p <.05), and error bars depict + SEM.
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Figure 3.

The effect of fixed legshock on tactile reactivity 24 hr following capsaicin administration.
Twenty-four hr following capsaicin and shock treatment, rats received a final assessment of
tactile reactivity. Values were converted to change from baseline scores. Asterisks indicate
statistically significant differences (p < .05), and error bars depict + SEM.
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Figure 4.

The effect of fixed legshock on the capsaicin-induced learning deficit. Twenty-four hr
following capsaicin and shock treatment rats were assessed for instrumental learning. The
panel on the left depicts subjects’ response durations over time, while the panel on the right
depicts response durations as means collapsed across time. Asterisks indicate statistically
significant differences (p < .05), and error bars depict + SEM.
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