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Abstract

Wistar Kyoto (WKY) rats, an animal model of anxiety vulnerability, acquire lever-press avoidance
faster than outbred Sprague Dawley (SD) rats. Faster avoidance acquisition may reflect an
inherent ability to acquire cue-outcome associations, response-outcome associations or both. To
evaluate cue-outcome learning, acquisition of classically conditioned eyeblink response was
compared in SD and WKY rats using a delay-type paradigm (500-ms conditioned stimulus (CS)
coterminating with a 10-ms unconditional stimulus (US)). WKY rats demonstrated enhanced
classical conditioning, with both faster acquisition and greater asymptotic performance in delay-
type training than SD rats. To evaluate response-outcome learning, separate SD and WKY rats
were given control over US delivery through imposition of an omission contingency into delay-
type training (emitting a conditioned response (CR) prevented delivery of the US). The schedule
of US delivery derived by these rats became the training regimen for a separate group of SD and
WAKY rats, yoked within strain. In SD rats, no differences in acquisition were detected between
those given control over US delivery and those trained with the same partial reinforcement
schedule. Acquisition rates of those WKY rats with control exceeded those trained with a yoked-
schedule of US presentation. Collectively, WKY rats exhibit enhanced classical conditioning and
sensitivity to schedules of reinforcement compared to outbred SD rats. Anxiety vulnerability, in
particular inhibited temperament, may be traced to active processes in the prediction and control
of aversive events.
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Introduction

Individuals with anxiety disorders demonstrate greater sensitivity to avoidance, that is, they
exhibit avoidance to a larger degree and in situations where normal individuals do not [31].
Avoidance is a process; growth or acquisition of avoidance may be an etiological factor in
the development of anxiety disorders. This is most evident in post traumatic stress disorder
(PTSD), in which the onset of the disorder is traceable to overt events or experiences. For
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PTSD, avoidance becomes more pervasive over a period of time subsequent to trauma
[14,25,34] and the degree of avoidance expression differentiates between those who develop
PTSD and those who recover [14,35]. Vulnerability to development anxiety disorders may
be traced to enhanced sensitivity to express avoidance in the face of adverse events. Young
children and adolescents with trait behavioral inhibition (BI), a risk factor for anxiety
disorders typified by withdrawal from social and novel-nonsocial challenges [15], exhibit
greater avoidance sensitivity [11].

A similar sensitivity to acquire or express avoidance is observed in Wistar-Kyoto (WKY)
rats, an animal model of Bl. WKY rats exhibit decreased activity in the open-field and
reduced social interactions [39,29,12]. These rats also demonstrate increased physiological
[4,38,37,44] and behavioral [44,39] reactivity to stressors. Further, WKY rats demonstrate
faster acquisition, higher asymptotic performance, and resistance to extinction of lever-press
avoidance compared to outbred Sprague Dawley (SD) rats [50]. These features place WKY
rats in sharp contrast to strains bred for either avoidance performance (avoidance
performance is inversely related to inhibited temperament [58,6]) or reactive temperament
[5,36]. Although WKY rats acquire avoidance faster, the nature of the facilitated learning is
not known. Facilitated avoidance acquisition may reflect enhanced cue-outcome learning
(classical conditioning), response-outcome learning (sensitivity to negative reinforcement),
or both [10,33,42,62].

One potential means for independently assessing cue-outcome and response-outcome
learning in a single protocol is eyeblink conditioning, a form of defensive new motor
learning. Cue-outcome associations may be evaluated with a delay type paradigm (the
conditioned stimulus [CS] and the unconditional stimulus [US] coterminate). Delay-type
acquisition of the classically conditioned eyeblink response measures a general ability to
form stimulus-stimulus associations. A recent study found an overall tendency for WKY rats
to acquire an eyeblink conditioned response (CR) faster than SD rats [43]. The learning
differences, however, primarily reflected a reduction in proactive interference. Acquisition
was similar with a direct comparison of the acquisition of the two strains in response to
delay-type conditioning. Yet, an extended acclimation period preceding training (necessary
to match the period needed for stimulus pre-exposures) may have differentially affected the
strains. Thus, the question of associability with regards to classical conditioning remains
open.

Although not an instrumental task per se, classic work suggests that eyeblink conditioning
could illustrate sensitivity to negative reinforcement through the imposition an omission
contingency, that is, performance of a CR prevents the delivery of the US. Under these
conditions, avoidance may be acquired. Avoidance is assessed in comparison to those given
the same pattern of CS and US exposures but without control over US delivery (yoked
comparisons). There is evidence avoidance responses may be acquired in both humans
(without the complication of special instructions) [32,18,19,30,%°,28,13,30,22,21] and rabbits
[40,17,9]. In general, avoidance is apparent as greater responding in comparison to yoked
subjects, however arguments may be made to the stability and suitability of yoked schedules
[8,26]. As rats and humans have demonstrated similar sensitivity to other manipulations in
eyeblink conditioning, such as the inter-stimulus interval [49,64], and proactive interference
[1,43,60], acquisition of eyeblink avoidance in rats may resemble the human data. By
implication, the enhanced acquisition of avoidance in WKY rats may be similarly expressed
during eyeblink conditioning.

Therefore we assessed simple classical conditioning and sensitivity to negative
reinforcement in SD and WKY rats utilizing eyeblink conditioning. Classical conditioning
was assessed via a delay-type paradigm, while instrumental sensitivity was assessed through
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negative reinforcement of a CR in comparison to yoked schedules of reinforcement. We
hypothesized that WKY and SD rats would equivalently acquire delay eyeblink
conditioning. We also expected SD rats to exhibit eyeblink avoidance and WKY rats to
exhibit facilitated avoidance acquisition. These data would support a generalized sensitivity
to negative reinforcement in WKY rats.

Male SD and WKY rats were obtained from Harlan Sprague Dawley (Indianapolis, IN) and
individually housed in shoebox cages with ad libitum access to food and water upon arrival
and throughout the experiment. Shoebox cages were kept in open air animal housing rooms
with controlled temperature and humidity. Rats were kept on a 12:12 light:dark cycle with
lights on at 0600 hr. All experiments were conducted during the light phase, between 0800
and 1500 hrs. Rats were 3—4 months of age when the experiment was conducted.

Electrodes were surgically implanted into the upper eyelid of the rats as previously
described [46]. Briefly, rats were anesthetized with a ketamine (80 mg/kg)/xylazine (10 mg/
kg) mixture. Rats were then fitted with a headstage with four metal wire electrodes, two
each for US administration and electromyography (EMG) recording. These electrodes were
then threaded subcutaneously and emerged through the eyelid. Animals were allowed at
least 72 hrs to recover before eyelid conditioning.

Eyelid conditioning was conducted within a 27 cm x 29 cm x 43 cm sound-attenuating test
chamber (Med Associates, St. Albans, VT). The EMG electrodes were connected to a
differential AC amplifier equipped with a 300-to 500- Hz bandpass filter (A-M Systems
Model 1700, Everett, WA) and amplified by 10,000. A computer with an A/D board
(National Instruments, Austin, TX) collected the EMG signal at 1000 Hz and a Labview
(National Instruments) program was used to control stimulus presentations and EMG
recording. The US, a 10-ms, 10-V square-wave stimulus, was produced by a Bioelectric
Stimulus Isolator (Coulbourn Instruments, Whitehall, PA). The CS was a 500-ms white
noise pulse of 82 dB with a rise/fall of 10 ms. During avoidance training, if the filtered EMG
during the CS period reached a threshold value of 0.3 V and was 2.5 times baseline on that
trial, a cutoff signal was sent to the stimulator and the US was aborted for that trial. The last
10 ms before the initiation of the US were not utilized for calculating whether a CR occurred
because this time window is too close to initiate the cutoff signal.

After surgery and recovery as described above, rats were acclimated to the experimental
apparatus for 30 min during which their EMG signals were evaluated to determine signal
quality. The following day training began. To assess simple delay-type acquisition (CS and
US coterminate), SD (n = 10) and WKY (n= 10) were trained in three daily sessions, each
consisting of 100 paired trials per session. For avoidance training, separate groups of SD (n
=8) and WKY (n = 10) were trained with delay-type training with the added imposition of
an omission contingency for US delivery, that is, detection of a CR prevented US delivery
for that trial. Lastly, a separate group of rats were trained on a pattern of CS and US
presentations exactly matching their avoidance counterpart. The yoked group consisted of
SD (n = 8) and WKY (n = 10) rats. For all training procedures the intertrial interval varied
between 20-30 s with an average of 25 s.
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Data processing and statistics

Results

EMG data were analyzed using S-Plus, version 7 (Insightful Corporation, Seattle, WA). The
data were filtered using a locally weighted low-pass filter with a time constraint of 0.01 and
a smoothing interval of 3. The initial 250 ms of a trial were treated as a baseline for
comparison for the rest of the trial. An eyeblink was recorded when the filtered EMG
activity 30 ms after the onset of the CS, but before the onset of the US, exceeded the
baseline activity level [46]. Threshold activity was established as the mean plus one standard
deviation (to account for general noise level in the EMG signal) plus the maximum
amplitude (to account for spontaneous blinks that may signal false CRs) of the EMG activity
during the baseline period. Responses during the first 30 ms of the CS duration were treated
as orienting responses and not considered for analysis (orienting responses rarely occur in
the preparation given the gradual rise\fall of the acoustic stimulus).

The efficiency of the processing to prevent US delivery was evaluated according to signal
detection theory for each rat for hits (a CR emitted, US omitted), miss (CR emitted, US
delivered), correct rejections (no CR, US delivered) and false alarms (no CR, US omitted)
(see Table 1). As can be seen, errors were predominantly misses which occurred for the
most part when eyeblink occurred too close to the US delivery to allow adequate time for
the cutoff signal. For two SD rats, eyelid activity while significant was sufficient to trigger
the online detector resulting in excessive (>30%) misses; these two pairs (avoidance and
associated yoke) were eliminated from further analysis.

For evaluation of CR percentage, each session was grouped into 5 blocks, with 20 trials per
block. Mixed analyses of variance (ANOVA) for repeated measures were then used to
analyze CR percentage. F-tests for simple effects were used for post-hoc analysis [41].
Statistical significance was established at an a level of p <.05. All data are expressed as
mean = standard error of the mean. Dunn’s test (tD) was used for post-hoc analyses.

To evaluate simple acquisition of the eyeblink CR, the SD and WKY rats that received
delay-type training were directly compared. WKY rats acquired the response faster and to a
greater degree than SD rats (see Fig. 1). This difference emerged on the first day and
persisted throughout the remainder of training. These impressions were confirmed via a 2 x
5 x 3 (Strain x Block x Day) mixed ANOVA analysis, which yielded a main effect of strain,
F(1, 18) = 8.5, p < .01. In addition, main effects of both Block, F(4, 72) = 19.0, and Day,
F(2, 36) = 14.1, which were subordinate to a Block by Day interaction, F(8,144) = 2.4, all ps
< .05, reached significance. For both SD and WKY rats, less within session differences in
acquisition were apparent as training progressed.

To evaluate avoidance learning of the two strains, rats trained with an omission contingency
and their respective yoked counterparts were directly compared. For SD rats, acquisition did
not differ between those with control over US delivery and those that did not (see Fig. 2).
For WKY rats, those with control over US delivery acquired an eyeblink CR faster than
those trained with a yoked schedule for reinforcement (see Fig. 2). This difference was most
apparent early in training. These observations were confirmed with a2 x 2 x 5 x 3 (Strain x
Training X Block x Day) mixed ANOVA, which yielded a main effect of Block, F(4, 128) =
39.9, p <.001, and a main effect of Day, F(2, 64) = 39.3, which was subordinate to a Strain
X Training x Day interaction, F(2, 64) = 4.4, ps < .05. Post-hoc analysis revealed that
avoidance trained and yoked WKY rats only differed on the first day of training, tD = 2.84,
p <.05.
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Discussion

This study marks the first investigation of sensitivity to negative reinforcement in eyeblink
conditioning in rats. For outbred SD rats, acquisition was similar under all three types of
training: a simple delay-type protocol, avoidance training, and their yoked counterparts.
These latter two groups did not differ from the former even though the partial reinforcement
schedule of avoidance and yoked trained rats resulted in CS-US pairing on only 54% of
trials. Training under similar schedules of reinforcement typically results in a step-wise
pattern of acquisition curves: delay-type training with the highest asymptotic performance,
avoidance with intermediate rates, and the partial reinforcement of yoked counterparts
having significantly lower asymptotic performance [32,18,45,19,23]. These data support an
interpretation that humans and rabbits acquire an eyeblink avoidance response. In contrast,
outbred rats failed to display this pattern. Moreover, SD rats did not appear to be sensitive to
partial reinforcement which would be expected to degrade the acquisition curve. However,
partial reinforcement was not expressly manipulated; the patterns of CS-alone trials and
paired CS-US trials were vastly different for individual yoked rats. A more focused
examination controlling patterns of CS-alone and CS-US trials would be needed to
determine whether SD rats indeed exhibit reduced sensitivity to partial reinforcement.
Nonetheless, there was no evidence SD rats acquired an eyeblink avoidance response.

As to the strain comparisons, WKY rats acquired the eyeblink response faster and to a
greater degree than SD rats. While greater cue-outcome learning is consistent with previous
investigation into eyeblink conditioning in WKY rats [43], prior differences were mostly
mediated through reduced proactive interference in WKY rats. In that prior study,
acquisition with a similar delay protocol did not differ between the strains. One difference
between the present study and the earlier study is the degree of exposure to the experimental
context prior to training. In the former study of proactive interference, rats undergoing delay
training had an extended period of exposure to the experimental context prior to the
initiation of training. This exposure corresponded to the time needed to deliver CS and US
pre-exposures. The pre-exposure period could have served to reduce emotionality in WKY
rats, resulting in equivalent learning. Nevertheless, the two studies when taken together do
indicate greater potential for the acquisition of cue-outcome associations in WKY rats.

In contrast to SD rats, WKY rats demonstrated the step-wise progression of curves described
above. Thus it appears that WKY rats are more sensitive to negative reinforcement than SD
rats. Although it is tempting to interpret the performance of WKY rats as facilitated
avoidance acquisition, there are two factors casting doubt. Firstly, if the WKY rats acquired
an eyeblink avoidance response, one may expect the rate of avoidance to exceed that of
simple delay-type training and that of the SD rats trained under similar conditions. Eyeblink
avoidance of WKY rats was not superior to SD rats. Leverpress avoidance performance of
WAKY rats nears unity with extensive training [50], leaving room for the possibility that
avoidance performance could be further improved with more extensive training than was
examined here. Secondly, the lack of decrease by yoked-trained SD rats suggests that WKY
rats demonstrated greater sensitivity to partial reinforcement. Greater sensitivity to partial
reinforcement must be tempered by the strain differences in the number of CS-US pairings
for the respective yoked groups reflecting the slightly better overall performance of
avoidance trained WKY rats. Yoked WKY rats as a group received 44% of CS-US pairings,
an average of 10% fewer paired trials during yoking training than SD rats. The lower overall
rate of US delivery for WKY yoked rats compared to SD rats would produce patterns of
exposure more conducive to degraded performance. The enhanced partial reinforcement
may also provide an alternative explanation for the larger strain differences in delay
acquisition between the present study and our earlier work. In the earlier examination of
proactive interference, the delay-type protocol included CS-alone and US-alone trials. Thus,

Behav Brain Res. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ricart et al.

Page 6

greater sensitivity to partial reinforcement by WKY rats in the earlier study may account for
the similar acquisition curves in that study. A more specific analysis of partial reinforcement
effects in eyeblink conditioning would need to be conducted to ascertain whether WKY rats
are indeed more sensitive to partial reinforcement.

Faster acquisition of the classically conditioned eyeblink response in stress-sensitive WKY
rats is consistent with a body of research detailing the impact of stress on acquisition in male
rats [51,49,47,48,63,53,27,3]. Strain differences in eyeblink acquisition also reminiscent of
the work done in humans. These studies demonstrated faster eyeblink conditioning in a
variety of studies in subjects who scored at the extremes of a distribution of an anxiety scale
[57,55,54,56]. Thus WKY rats are similar to humans in that innate differences in
emotionality correlate with persistent facilitation of eyeblink conditioning. Yet, despite the
concordance in the current study and research in non-pathological anxiety states in humans,
no clear consensus has been determined for the acquisition of eyeblink conditioning in
pathological anxiety [2,20,16].

Greater cue-outcome and response-outcome learning might suggest a common underlying
neurobiology. One potential brain region is the cerebellum. The cerebellum is intrinsic to
acquisition of an eyeblink conditioned response, being studied extensively in cue-outcome
associations [7]. Thus heightened cerebellar function could potentiate cue-outcome learning
in WKY rats. It may also be involved in response-outcome learning. Cerebellar lesions have
been found to specifically reduced escape and avoidance responses, but not food-reinforced
bar pressing [59]. While no direct testing of cerebellar enhancement has been conducted, it
is not unreasonable to suggest that heightened activity in the cerebellum may potentiate
aversively motivated response-outcome learning as well. The modulatory structures may
also play a role in greater associative learning. Among the modulatory structures for
eyeblink conditioning, the amygdala is also a likely mediator. The basolateral amygdala has
been shown to mediate the stress-induced facilitation of eyeblink conditioning [61,3]. The
amygdala has been implicated in measuring valence of reward in instrumental tasks,
affecting dopamine release in the dorsal striatum [24,3]. WKY rats demonstrate greater
basal levels of corticotrophin releasing hormone (CRH) mRNA in the central amygdala [52].
Greater CRH could indicate hyperresponsivity of the amygdala in this strain thereby
enhancing both cue-and response-outcome learning in this strain. Further specific testing
would be needed to pinpoint neurobiological systems underlying greater associative learning
in WKY rats.

As WKY rats are an animal model of BI, a vulnerability factor for anxiety in humans,
features of this strain may shed light on the manner by which vulnerability translates to
psychopathology. WKY rats acquire avoidance faster, and demonstrate enhanced associative
learning in eyeblink conditioning compared to outbred strains. Enhanced associative
learning, especially in fear conditioning, has been proposed as a central component of
anxiety disorders. These concepts may be complementary as greater associative learning in
WAKY rats suggests that enhanced defensive learning capabilities are a predisposing factor
for anxiety disorders. Either enhanced cue-outcome or response-outcome learning would
bias towards the acquisition of avoidant behavior, a core feature of anxiety disorders. An
interesting implication of the present work is the prediction that behaviorally inhibited
individuals would demonstrate a similar pattern of enhanced cue-outcome learning during
eyeblink conditioning.

In summary, inbred WKY rats demonstrated superior associative learning compared to SD
rats. In delay-type eyeblink conditioning, WKY rats acquired the eyeblink response faster
and to a greater degree than SD rats, indicating enhanced cue-outcome learning. During
avoidance training WKY rats performed better than yoked rats indicating greater sensitivity
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to negative reinforcement or inhibition from partial reinforcement. By implication, faster
lever-press avoidance acquisition may reflect enhanced associative learning related to cues
of warning and safety as well as negative reinforcement from avoidance of shock. These
learning enhancements were discussed as they relate to anxiety vulnerability.
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Figure 1.

Acquisition of eyeblink CR in paired training in SD and WKY rats. Each day of training
consisted of 100 trials, divided into 5 blocks. Strain designations are in the figure legend.
WAKY rats acquire the eyeblink response faster and reach a high asymptotic performance
than SD rats.
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Figure 2.

Acquisition of the eyeblink CR in avoidance and yoked training in SD and WKY rats. Each
day of training consisted of 100 trials, divided into 5 blocks. Group designations are in the
figure legend. In SD rats, performance in by those with avoidance training did not differ
from their yoked counterparts. In WKY rats, performance by those with avoidance training
exceeded their yoked counterparts.
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Table 1

Signal detection breakdown of performance of the US-cutoff protocol. Efficiency reached 84% for both
strains, while the majority of errors consisted of misses, that is, non-reinforced eyeblinks (US was not
prevented).

Hits Misses Correct Reject | False Alarm
SD 44+8% | 13+4% | 40+ 9% 3+1%
WKY | 52+6% | 11+3% | 32+7% 5+1%

Efficiency reached 84% for both strains, while the majority of errors consisted of misses, that is, non-reinforced eyeblinks (US was not prevented).
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