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a b s t r a c t

Inbred Wistar–Kyoto (WKY) rats have been proposed as a model of anxiety vulnerability as they display
behavioral inhibition and a constellation of learning and reactivity abnormalities relative to outbred
Sprague–Dawley (SD) rats. Together, the behaviors of the WKY rat suggest a hypervigilant state that
may contribute to its anxiety vulnerability. To test this hypothesis, open-field behavior, acoustic startle,
pre-pulse inhibition and timing behavior were assessed in WKY and Sprague–Dawley (SD) rats. Timing
behavior was evaluated using a modified version of the peak-interval timing procedure. Training and
testing of timing first occurred without audio–visual (AV) interference. Following this initial test, AV
interference was included on some trials. Overall, WKY rats took much longer to leave the center of the
arena, made fewer line crossings, and reared less, than did SD rats. WKY rats showed much greater startle
responses to acoustic stimuli and significantly greater pre-pulse inhibition than did the SD rats. During
timing conditions without AV interference, timing accuracy for both strains was similar; peak times for
WKY and SD rats were not different. During interference conditions, however, the timing behavior of the
two strains was very different. Whereas peak times for SD rats were similar between non-interference and
interference conditions, peak times for WKY rats were shorter and response rates higher in interference
conditions than in non-interference conditions. The enhanced acoustic startle response, greater prepulse
inhibition and altered timing behavior with audio–visual interference supports a characterization of WKY
strain as hypervigilant and provides further evidence for the use of the WKY strain as a model of anxiety
vulnerability.

© 2009 Elsevier B.V. All rights reserved.

Anxiety disorders have become a major mental health con-
cern. Although many studies have focused on the events that
precipitate the symptoms, it is clear that vulnerability or risk
factors are important in the development of the disorders. Risk
factors that have been previously identified include individuals’
sex, brain structure and neurochemical differences, psychiatric his-
tory, personality traits, exposure to previous events, and coping
style [16,19–21,36,44,53,60]. Some have proposed that the differ-
ent types of anxiety disorders may be explained by an interaction
of common general risk factors with specific types of environmental
experiences [36].

Trait behavioral inhibition is one of the risk factors for anxiety
disorders [35,48,56]. People with behavioral inhibition are reserved
or withdrawn in response to novel social and nonsocial situations
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[22]. This personality trait has been linked to a dysregulation of the
hypothalamic pituitary adrenal axis, stress sensitivity, and hyper-
responsiveness [52,57]. Behavioral inhibition is also associated with
disturbances of attention, particularly a difficulty in disengaging
attention from novel stimuli or stimuli associated with threat or
distress [18].

Hypervigilance has also been associated with anxiety disor-
ders. Persons with high trait anxiety are more likely to display
hypervigilance, suggesting that this feature may also serve as a
vulnerability factor for the development of anxiety disorders [13].
Hypervigilance may take on different forms. For instance, general
hypervigilance will make a person more distractible to task irrel-
evant stimuli, whereas specific hypervigilance is demonstrated by
attending more to threatening stimuli with enhanced environmen-
tal scanning in search of threats [25,29]. Hypervigilance also plays a
role in the hypervigilance-avoidance theory whereby it is proposed
that individuals with anxiety disorders initially attend to threat-
ening stimuli, then avoid these same stimuli [3]. Some of these
symptoms of hypervigilance have been observed in persons with
trait behavioral inhibition. Thus, hypervigilance may underlie a risk
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factor associated with behavioral inhibition and the development
of anxiety disorders.

Acetylcholine is an important neurotransmitter in the modula-
tion of vigilance and attention. The nucleus basalis magnocellularis
(NBM) is the source of cholinergic afferents to the neocortex,
and damage or inactivation of cells in the NBM impairs attention
[8,33,34,39,46,58]. Damage of the frontal cortex produces similar
impairments of attention, suggesting that the NBM projection to the
frontal cortex is involved [37]. More selective damage to choliner-
gic neurons by the immunotoxin 192-IgG saporin impaired divided
and sustained attention (vigilance) [9,26–28,55]. In contrast to the
debilitating effects of reducing cholinergic NBM neurons, enhanc-
ing the cholinergic system with prenatal choline improves divided
attention [31]. However, an overactive cholinergic NBM system has
also been proposed to cause a hyperattentive or hypervigilance
state that might be involved in mental illnesses such as schizophre-
nia [49]. These results suggest that the basalocortical cholinergic
system may be involved in the hypervigilance associated with anx-
iety vulnerability.

The Wistar Kyoto (WKY) rat has been proposed as a model to
study anxiety vulnerability [50]. A prominent feature of WKY rats is
behavioral inhibition, observed as decreased activity or inactivity in
novel social [43] and nonsocial challenges [42]. Moreover, these rats
display low activity in the open field [14,42], sensitivity to stress-
induced ulcer formation [41], hyper-responsive peripheral and
central stress responses [40], and learning and memory alterations
[14]. WKY rats also develop abnormal avoidant behavior compared
to outbred Sprague–Dawley (SD) rats [50]; this is an important fea-
ture because avoidance is a critical feature of all anxiety disorders
[4]. Finally, WKY rats exhibit higher acetylcholinesterase activity in
the NBM and cortex compared to Sprague–Dawley rats, suggesting
an abnormal cholinergic system in the WKY rat [2].

Therefore, the present study was performed to determine
whether WKY rats express hypervigilance in addition to the pre-
viously described behavioral inhibition. Furthermore, the study
assessed the cholinergic system to determine whether abnor-
mal transmission in this transmitter system could contribute to
hypervigilance. A finding of both hypervigilance and enhanced
cholinergic system in the WKY rats would provide further sup-
port of the WKY rat as a good model of anxiety vulnerability and
implicate the cholinergic system in anxiety vulnerability.

1. Methods

1.1. Animals

Sixteen adult, male Wistar Kyoto (WKY) rats and 16 adult, male Sprague–Dawley
(SD) rats (Harlan, Indianapolis, IN) were used for this study. Rats were housed indi-
vidually in a room under controlled conditions (near 22 ◦C with a 12:12 h light/dark
cycle, lights on at 7:00 a.m. Eastern time). Each animal received food and water ad
libitum during all portions of the study except during peak interval training and
testing. Training and testing were performed between 8:30 a.m. and 5:00 p.m. All
procedures used in this study followed NIH guidelines for handling and caring of ani-
mals and were approved by the Bowling Green State University Institutional Animal
Care & Use Committee.

1.2. Open field test

Open field activity was evaluated as described previously [38]. Rats were placed
individually in the center of a circular open field (75 cm diameter, 40 cm high) under
a bright light (3040 lx at the center of the open field floor). Behavior was recorded
for 2 min by a video camera mounted directly above the arena. The open field had
two concentric circles (45.7 and 15.2 cm diameter) drawn on the floor. In addition,
six lines radiating 60◦ from the center circle divided the field into sixths. The center
circle was not divided, for a total of 13 sectors. A fan in the room produced constant
background noise (70 dB). The arena was wiped with a mild soapy solution between
each animal testing. Dependent measures were latency to leave the center sector,
number of line segments crossed, and number of rearings, fecal boli, and grooming
episodes. Any animal that did not leave the center sector was given a score equal to
the total duration in the open field arena (120 s).

1.3. Acoustic startle and pre-pulse inhibition

Animals were placed in a loosely fitted plastic restrainer. The restrainer was
placed on a movement sensing module located in a dark sound-attenuating cham-
ber (San Diego Instruments, San Diego, CA). Prior to testing, animals were placed
in the apparatus for 5 min and presented with constant white noise (70 dB) that
continued throughout the testing phase. Following the acclimation period, animals
were exposed to three types of stimuli: An acoustic startle pulse alone (PA; 20 ms,
118 dB), a pre-pulse alone (PPA; 20 ms, 80 dB), and pre-pulse preceding a startle
pulse (PPP; 50 ms inter-stimulus interval). Animals were presented with a pseu-
dorandom sequence of 60 trials with a variable inter-trial-interval (M = 15 s).1 Each
subject received 20 PA, 20 PP, and 20 PPP trials in the same pseudorandom order.
Following testing, the acoustic startle restrainers were cleaned with a mild soapy
solution before the next animal was tested. The startle system was calibrated before
each test.

Dependent measures were the raw startle amplitude (measured in mV) for PA,
PPA, PPP trials, and a widely used measure of pre-pulse inhibition (%PPI): [startle to
PA − startle to PPP]/startle to PA × 100 [54].

1.4. Peak-interval procedure

1.4.1. Apparatus
Testing was conducted in 16 operant boxes (28 cm × 28 cm × 37 cm), custom-

made of clear acrylic. Located in each box were a lamp, speaker, water bottle,
response lever, and food cup. The stimulus lamp (4.8 W) was positioned near the
top of the operant box on the same side as the response lever. The speaker (Mallory
Sonalert, Indianapolis, IN), located approximately 21.5 cm from the floor of the oper-
ant box and on the wall opposite the food cup and lamp, delivered sound at 4500 Hz
between 78 and 89 dB. Sucrose pellets (45 mg, PJFSC-0045; Research Diets, Inc., New
Brunswick, NJ) were delivered by a pellet dispenser (ENV-203; Med-Associates, St.
Albans, VT) into a food cup on one wall. The response lever was located to the right of
the food cup. Each operant box was placed in an environmental isolation chamber
to minimize external light and sound. Inside the chamber, a house light provided
indirect lighting and a solenoid valve provided an audible click upon delivery of
reinforcement and behaved as a secondary reinforcer. A fan provided ventilation to
each chamber. A Dell (Optiplex GX240) computer with a Med-Associates SmartCtrl
system (MED-PC IV; DIG-716; SG-716; Med-Associates, St. Albans, VT) controlled
the presentation of stimuli, delivery of reinforcement, and recorded lever response
times.

1.4.2. Pre-training
Rats were trained to press on a continuous reinforcement schedule (CRF ≈ 2–3

sessions). Following CRF, rats received training on a variable response schedule (VR-
3 ≈ 2–3 sessions) where a minimum of one and a maximum of six lever presses
were required for a sugar pellet reward. Following VR training, rats were assigned to
either a 24 s (WKY, n = 8; SD, n = 8) or 36 s (WKY, n = 8; SD, n = 8) fixed interval (FI ≈ 5
sessions) reinforcement schedule. Trials began with the onset of a light stimulus.
After the FI target duration had elapsed, the first lever press resulted in delivery of
a sucrose pellet and termination of the light stimulus. Any lever presses prior to the
target duration were recorded but did not have any effect. For the 24 and 36 s FIs, the
trial was terminated if no lever presses were made within 60 or 90 s after stimulus
onset, respectively. Sessions lasted between 2 and 3 h with 60–80 trials per session.

1.4.3. PI training and testing
Following FI training, rats received 20–22 sessions of training on the peak inter-

val (PI) procedure. This procedure is the same as the FI procedure, except for the
addition of unreinforced peak (probe) trials. During peak trials, the light stimulus
remained on for the entire trial; the trial duration was 60 s for rats tested with the
24 s target and 90 s for rats tested with the 36 s target. Peak and FI trials were equally
and randomly presented in a session. During peak trials, the time of each lever press
was recorded. Sessions typically lasted between 2 and 3 h with animals completing
approximately 70–90 trials in a session.

1.4.4. PI testing with interference
Rats next performed a modified peak-interval procedure that included audi-

tory and visual interference on 50% of the trials (FI and peak trials). AV interference
consisted of random tone bursts and flashing house lights that varied in duration
between 0.5 and 3 s. The interval between tone bursts and light flashes also varied
between 0.5 and 3 s. Six interference sessions were interleaved (on alternate days)
with non-interference sessions over a 3-week period.

1.4.5. PI testing post-interference
Finally, rats completed five sessions of the standard peak-interval procedure

without AV interference.

1 Data from two trials were not included in the final analysis due to a programming
error.
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1.5. Choline acetyltransferase (ChAT) assay

After completion of behavioral testing, subjects were anesthetized using a mix-
ture of CO2/O2, and then sacrificed. Each brain was removed rapidly, rinsed with
ice-cold saline, and relevant brain areas were dissected on a cold plate. Tissue sam-
ples (≈2 mm × 2 mm, ≈35 mg) were taken from the left and right prefrontal cortex,
frontal cortex, and parietal cortex. In addition, the hippocampus was removed from
each hemisphere. All samples were transferred to pre-weighed microcentrifuge
tubes, weighed again, quickly frozen on dry ice and stored at −80 ◦C until further
analysis.

Tissue samples were homogenized with Tris/Triton solution, dilution 1:20 (con-
taining 0.05 M Trizma HCl, 0.05 M Trizma base, and 0.02% Triton-X-100 (pH 7.6)),
with 1.0 mm glass disruption beads and then centrifuged for 10 min at 10,000 × g. The
resulting supernatant was pipetted into a separate microcentrifuge tube, subjected
to a second centrifuge for 10 min and supernatant collected.

The formation of [14C]acetylcholine from [acetyl-1-14C]-acetyl-coenzyme A was
used to measure the activity of the enzyme choline acetyltransferase (ChAT), which
synthesizes acetylcholine [17]. A reaction mixture (20 �l) containing 1.34 mM 14C-
Acetyl-CoA (60 mCi/mmol; MP Biomedicals, Irvine, CA) and 20.6 mM unlabeled
compound was added to the tissue supernatant (20 �l) and buffer (70 �l; 300 mM
NaCl, 8 mM choline bromide, 20 mM EDTA, 0.1 mM eserine sulfate, 0.5% Triton X-
100, and 50 mM dibasic sodium phosphate at pH 7.4). The mixture was quickly
vortexed and incubated at 37 ◦C for 30 min. The reaction was terminated by adding
5 ml 0.1 M cold phosphate buffer (pH 7.4). To measure ChAT activity, labeled acetyl-
choline was extracted by transferring the tube contents to a scintillation vial and
adding 10 ml of toluene (containing 15 g/l PPO and 1 g/l POPOP) and 2 ml acetoni-
trile (containing 5 g/l Na-tetraphenylboron). Vials settled for 12 h before the organic
phase (top layer) was counted with a scintillation counter. Assays were performed
in triplicate.

The protein content of each sample was calculated according to the method
described previously [5] using a Bio-Rad (Bio-Rad Laboratories, Hercules, CA) protein
assay. Supernatant was diluted to 1:200 with Tris/Triton solution. Ten microliters
of diluted supernatant was transferred in triplicate to flat-bottom assay plates
and 200 �l Bio-Rad dye added to each well. Absorbance was measured at 595 nm.
Protein content of the homogenates was calculated from standard curves con-
structed from known amounts of bovine serum albumin. ChAT activity in the
prefrontal, frontal, parietal, and hippocampal sections is reported as nmol/(mg pro-
tein h).

1.6. Data analysis

All statistical analyses were conducted using SPSS for Windows with an alpha
level of 0.05 (Version 15.0, SPSS, Inc., Chicago, IL). Descriptive measures reported in
the text indicate mean values and standard error (M ± SEM).

For the PI procedure, only data from probe trials were analyzed. The number of
lever responses was determined for each successive 1-s interval (bin) for the entire
stimulus duration (60 s for the 24 s FI and 90 s for the 36 s FI). The total responses in
each bin were divided by the total number of trials to determine the mean number
of lever responses per trial for each bin. Mean lever responses for each bin were
plotted as a function of time to create a temporal response function. Response rate

was calculated by multiplying the number of responses in each bin by 60 so that
response rate could be expressed as responses per minute [47].

A Gaussian + linear equation [7] that gave the best fit to the temporal response
function was determined by minimizing root mean-square error using the Solver
add-in package for Microsoft Excel 2002 (Version 10.65, Microsoft Corporation, Seat-
tle, WA). The following generalized Gaussian + linear model was fit to the temporal
response function:

R(t) = a × exp

(
−0.5 ×

[
(t − t0)

b

]2
)

+ c(t − t0) + d (1)

where t is the current time bin and R(t) is the mean response rate at time t. Model
fitting determined estimates for the parameters a, b, c, d, and t0. Peak-time was
estimated by t0, peak-rate was estimated by a + d, and variability was estimated by
dividing b by the peak-time, t0, to obtain a coefficient of variability (CV) score.

To assess the effect of AV interference stimuli (random tone bursts and light
flashes) on peak-interval timing, an interference ratio (I) was calculated for inter-
ference sessions. For this measure, peak-times on trials with AV Interference (PTI)
were divided by peak-times on trials without interference (PTNI) and then the value
of 1 was subtracted from the ratio: I = (PTI/PTNI) − 1. Positive values of I indicate that
interference lengthens peak-times on interference trials relative to non-interference
trials, whereas negative values of I indicate that interference shortens peak-times
on interference trials relative to non-interference trials.

2. Results

2.1. Open field test

Wistar–Kyoto (WKY) rats took much longer to leave the cen-
ter of the arena, t(30) = 2.10, p < 0.05, made fewer line crossings,
t(30) = 5.694, p < 0.001, and reared less, t(30) = 3.05, p = 0.006, than
did Sprague–Dawley (SD) rats (Fig. 1). Mean latencies ± SEM (time
taken to leave the center of the arena) for the WKY and SD rats were
20.90 ± 7.57 s and 4.90 ± 0.72 s, respectively. The overall greater
latency variability for the WKY strain was due partly to one rat
that stayed in the center of the arena for the entire duration of the
test. Mean number of line crossings for the WKY and SD rats were
6.40 ± 0.57 and 17.70 ± 0.94, respectively. Mean number of rearings
for WKY and SD rats were 0.70 ± 0.25 and 2.60 ± 0.56, respec-
tively. Other open field measures, defecation and grooming, rarely
occurred; comparisons between the two strains revealed no signifi-
cant difference in either number of fecal boli (WKY: M = 0.19 ± 0.14;
SD: M = 0.19 ± 0.14; t(30) = 0.00, p = 1.00) or number of grooming
episodes (WKY: M = 0.06 ± 0.06; SD: M = 0.19 ± 0.14; t(30) = −0.84,
p = 0.41; t(30) = 0.84, p = 0.41).

Fig. 1. Comparison of open field behavior for the WKY and SD strains.
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Fig. 2. (A) Acoustic startle responses for pulse alone, pre-pulse alone, and pre-
pulse + pulse conditions for the WKY and SD strains. (B) %PPI for the WKY and SD
strains.

2.2. Pre-pulse inhibition

Acoustic startle was elevated for WKY rats in comparison to
SD rats (Fig. 2). Startle was higher for WKY strain compared to
SD strain to PA, t(30) = 4.27, p < 0.001, and PPP, t(30) = 3.07, p < 0.01,
but not to PPA, t(30) = 1.06, p = 0.30. With respect to PPI, the WKY
strain showed much greater inhibition than the SD strain (WKY,
M = 79.1 ± 2.3%; SD, M = 65.4 ± 3.7%), t(30) = 3.16, p < 0.01.

2.3. Peak-interval procedure

2.3.1. Peak-interval training
Timing accuracy was similar between WKY and SD rats for

both 24 and 36 s target FIs (Fig. 3). In general, peak-times
were slightly under-estimated for both the 24 s target FI (WKY,
M = 22.3 ± 0.51 s; SD, M = 22.8 ± 0.39 s) and the 36 s target FI (WKY,
M = 33.5 ± 0.8 s; SD, M = 33.0 ± 0.8 s). A 2 (Strain) × 2 (Target FI)
ANOVA on peak-times revealed the expected main effect of Target
FI, F(1,28) = 284, MSE = 3.23, p < 0.001, but no main effect of Strain,
F(1,28) = 0.001, MSE = 3.23, p = 0.98, or interaction between the two
factors, F(1,28) = 0.58, MSE = 3.23, p = 0.46. Peak rates were higher
for the WKY strain than for SD rats for the 24 s target FI (WKY,
M = 64.3 ± 6.9 responses/min, rpm; SD, M = 54.4 ± 6.5 rpm) and the

Fig. 3. Temporal response functions for probe trials from the last 10 sessions of
peak-interval training for the WKY and SD strains for the 24 and 36 s fixed-interval
targets.

36 s target FI (WKY, M = 73.1 ± 10.1 rpm; SD, M = 49.2 ± 6.4 rpm). A
2 (Strain) × 2 (Target FI) ANOVA on peak rates revealed a main
effect of Strain, F(1,28) = 4.92, MSE = 464.1, p = 0.035, but no main
effect of Target FI, F(1,28) = 0.056, MSE = 464.1, p = 0.81, or interac-
tion, F(1,28) = 0.84, MSE = 0.84, p = 0.37. With respect to variability,
coefficient of variability (CV) scores were similar across target fixed
intervals (FI = 24 s: M = 0.58 ± 0.02; FI = 36 s: M = 0.57 ± 0.03). There
was little evidence of a strain difference in CV scores, although WKY
rats (M = .61 ± 0.03) were slightly more variable overall than SD
rats (M = .54 ± 0.02). For the CV data, an ANOVA revealed no main
effect of Strain, F(1,28) = 2.61, MSE = 0.012, p = 0.12, no main effect
of Target FI, F(1,28) = 0.16, MSE = 0.012, p = 0.69, and no interaction,
F(1,28) = 1.57, MSE = 0.012, p = 0.22).

2.3.2. Peak-interval testing with AV interference
Timing in WKY rats but not SD rats was adversely affected

by the presentation of random tone bursts and light flashes
(Tables 1A and 1B). No strain difference was observed for peak-
time on trials without AV interference (non-interference trials
during interference sessions and interleaved non-interference ses-
sions). However, in the presence of AV interference, WKY rats
under-produced the target duration (Fig. 4). This influence of AV
interference was not observed for SD rats. Values of I were neg-
ative (interference shortened peak-times) for the WKY strain in
both 24 s FI (M = −0.09 ± 0.02) and 36 s FI (M = −0.09 ± 0.02), and
the effect of interference was proportional to the target FI. In con-

Table 1A
PI performance on 24 s target FI during interference (I) trials, non-interference (NI)
trials, and interleaved non-interference sessions.

24 s target FI Peak Time Peak Rate CV

WKY SD WKY SD WKY SD

Interleaved NI sessions 23.2 22.3 64.8 64.8 0.57 0.49
I sessions (NI trials) 24.1 22.6 66.2 65.7 0.56 0.49
I sessions (I trials) 21.9 22.5 73.7 67.3 0.57 0.46

Table 1B
PI performance on 36 s target FI during interference (I) trials, non-interference (NI)
trials, and interleaved non-interference sessions.

36 s target FI Peak time Peak rate CV

WKY SD WKY SD WKY SD

Interleaved NI sessions 33.6 33.6 77.1 70.9 0.53 0.47
I sessions (NI trials) 33.9 34.3 78.2 65.2 0.52 0.49
I sessions (I trials) 30.9 34.1 95.1 70.8 0.53 0.49
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Fig. 4. Effect of the presentation of random tone bursts and light flashes (AV inter-
ference) on peak-interval timing for the WKY and SD strains for the 24 and 36 s
fixed-interval targets.

trast, no effect of AV interference was observed for peak-times of
SD rats (24 s, M = 0.00 ± 0.01; 36 s, M = 0.00 ± 0.04). A 2 (Strain) × 2
(Target FI) ANOVA on the interference ratio, I, revealed a main effect
of Strain, F(1,28) = 11.96, MSE = 0.005, p < 0.01, but no reliable effect
of Target FI, F(1,28) = 0.004, MSE = 0.005, p = 0.95, or Strain × Target
FI interaction, F(1,28) = 0.0, MSE = 0.005, p > 0.99.

For peak rates, AV interference increased responding in WKY
rats but not SD rats for both 24 s FI (interference trials: WKY,
M = 73.7 ± 10.1 rpm; SD, M = 67.3 ± 8.4 rpm; non-interference trials:
WKY, M = 66.2 ± 9.5 rpm; SD, M = 65.7 ± 9.1 rpm) and 36 s FI (inter-
ference trials: WKY, M = 95.1 ± 12.1 rpm; SD, M = 70.8 ± 6.6 rpm;
non-interference trials: WKY, M = 78.3 ± 9.3 rpm; SD,
M = 65.2 ± 7.1 rpm). This conclusion was supported statistically by
a 2 (Strain) × 2 (Target FI) × 2 (type of trial: interference versus
non-interference) mixed-measures ANOVA on peak rates, which
revealed no main effect of Strain F(1,28) = 1.48, MSE = 1319.697,
p = 0.234, or Target FI, F(1,28) = 0.998, MSE = 1319.697, p = 0.326, but
critically a main effect of type of trial, F(1,28) = 39.526, MSE = 25.05,
p < 0.001, and a significant type of trial × strain interaction,
F(1,28) = 11.59, MSE = 25.05, p < 0.01.

An examination of variability (CV) scores with and without AV
interference shows that the WKY strain was marginally more vari-
able than the SD strain (WKY, M = 0.54 ± 0.02; SD, M = 0.48 ± 0.02),
F(1,28) = 3.15, MSE = 0.019, p = 0.087. There was no main effect of
Target FI, type of trial, or significant interactions.

2.3.3. Peak-interval testing post-interference
Finally, peak-interval performance was determined follow-

ing testing with interference. Similar to performance prior to
the introduction of random tone bursts and light flashes, peak-
times were slightly under-estimated for both target FIs and
there were no difference between strains. A 2 (Strain) × 2 (Tar-
get FI) ANOVA on peak-times revealed a main effect of FI,
F(1,28) = 323.7, MSE = 3.86, p < 0.001, but no main effect of strain,
F(1,28) = 0.006, MSE = 3.86, p = 0.94, or interaction between the
two factors, F(1,28) = 1.98, MSE = 3.23, p = 0.17. Unlike initial peak-
interval training, peak rates did not differ between strains. A 2
(Strain) × 2 (Target FI) ANOVA on peak rates revealed no main
effect of strain, F(1,28) = 0.11, MSE = 625.3, p = 0.74 or target FI,
F(1,28) = 0.90, MSE = 625.3, p = 0.35, and no interaction between the
two factors, F(1,28) = 1.07, MSE = 625.3, p = 0.31. The ANOVA of CV
scores post-interference revealed a slightly different pattern com-
pared to pre-interference performance. CV scores were higher for
the 24 s FI (M = 0.56 ± 0.02) than for the 36 s FI (M = 0.48 ± 0.03),
F(1,28) = 5.02, MSE = 0.011, p < 0.05, and were marginally signifi-

Table 2
ChAT levels in prefrontal, frontal, and parietal cortex, and hippocampus.

Strain Area

Prefrontal cortex Frontal cortex Parietal cortex Hippocampus

WKY 1.02 ± 0.31 0.74 ± 0.08 0.85 ± 0.07 0.80 ± 0.09
SD 0.69 ± 0.12 0.88 ± 0.17 0.92 ± 0.16 0.96 ± 0.23

Note: Values represent M ± SEM. All values are reported in nmol/(mg h).

cantly higher for the WKY strain (M = 0.55 ± 0.03) than for the SD
strain (M = 0.49 ± 0.03), F(1,28) = 2.92, MSE = 0.011, p = 0.10); there
was no interaction, F(1,28) = 0.043, MSE = 0.011, p = 0.84.

2.3.4. ChAT results
ChAT activity in WKY and SD rats were compared for pre-

frontal cortex, frontal cortex, parietal cortex and hippocampus
(see Table 2). Levels of ChAT activity in prefrontal cortex were
marginally higher for WKY rats (M = 1.02 ± 0.31) compared to SD
rats (M = 0.69 ± 0.12), t(30) = 1.86, p = 0.072. No appreciable differ-
ences between strains were found for the other brain regions (all
p’s > 0.1).

3. Discussion

Behavioral inhibition is a vulnerability factor for the develop-
ment of anxiety disorders [48]. WKY rats demonstrate behavioral
inhibition and have been suggested to be a good animal model of
anxiety vulnerability [50]. Hypervigilance is associated with high
trait anxiety and may be related to vulnerability for the develop-
ment of anxiety disorders (Eysenck [12,13]). In the present study,
an animal model demonstrating behavioral inhibition, the WKY
rat, was examined for hypervigilance. In order to test the proposed
hypervigilance hypothesis, WKY and SD rats were given a battery
of behavioral tests that included an open field test, assessments
of acoustic startle response and pre-pulse inhibition, and peak-
interval timing with and without AV interference. Additionally, the
cholinergic system was assessed in WKY and SD rats because of the
previously identified role of acetylcholine in attentional processes
[6,9,26–28,33,34,55].

Six main findings were obtained. First, consistent with previous
research [42], WKY rats showed dramatically less open activity than
the SD rats. Second, WKY rats demonstrated an enhanced acoustic
startle response and greater prepulse inhibition than SD rats. Third,
WKY rats were slightly more variable in timing (less timing pre-
cision) than SD rats. Fourth, timing accuracy was similar in both
strains, as measured by the times of peak response, and timing was
scalar. Fifth, random presentations of auditory and visual stimuli
(i.e., AV interference) disrupted timing accuracy for WKY rats but
not SD rats. Finally, the activity of choline acetyltransferase (ChAT)
was greater in the prefrontal cortex of WKY rats than in SD rats.

The finding that WKY rats have a longer latency to move from the
center of the open field is consistent with an assessment of behavior
inhibition. Alternatively, one might use the longer latency to move
as a sign that WKY rats were less anxious than SD rats [45]. However,
if WKY rats were less anxious, they would be expected to show more
overall locomotion in the open field and more vertical exploration
(rearings). WKY rats do not show these other behaviors, and in fact,
the pattern is in the opposite direction than one would expect of a
less anxious rat. Together, the direction of these measures is more
consistent with a view of a behavioral inhibited animal than an
animal that is less anxious (and therefore more likely to explore
the environment). Behavioral inhibition is defined as a reserved
response or withdrawal from novel social and non-social situations
[22]. In this respect, it is further noteworthy that in addition to the
low activity in open field, WKY rats also demonstrate withdrawal
from other novel social and interactions [42,43]. These results sug-
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gest that WKY have the manifestations of behavioral inhibition in
humans. Humans with trait behavioral inhibition are more vulnera-
ble to developing anxiety disorders [35,48,56], supporting the idea
that WKY rats may be a good animal model of anxiety vulnerability.

The present study was designed in part to assess whether trait
behavioral inhibition in WKY rats was associated with hypervig-
ilance. In this respect, WKY rats demonstrated increased acoustic
startle responses and enhanced prepulse inhibition compared to SD
rats. Only a few studies have compared acoustic startle in WKY and
SD rats. Startle responses in WKY have varied from lower, higher
and no difference compared to SD rats [14,24,40,51]. Methodolog-
ical differences may have contributed to the conflicting results.
Besides the present study, the other study that reported enhanced
acoustic startle also assessed the startle response in the context of
investigating prepulse inhibition [24].

Prepulse inhibition in the present study was enhanced in WKY
rats compared to SD rats. In a previous study, prepulse inhibi-
tion in WKY and SD rats did not differ [24]. Procedural differences
may account for discrepancies in the results, as the administra-
tion of saline occurred in the study by Martin et al. but not in the
present study. Decreased prepulse inhibition has been associated
with some anxiety disorders, such as panic disorder [23]. In the
study by Ludewig et al., reduced PPI was mildly associated with
high trait anxiety measures. Although trait anxiety measures have
high common loadings with behavioral inhibition in factor analyses,
these anxiety measures are only moderately correlated with mea-
sures of behavioral inhibition. Studies on the neurobiology of trait
anxiety and behavioral inhibition provide evidence for a distinction
between anxiety and behavioral inhibition (anxiety vulnerability)
[32]. Thus, the enhanced PPI in WKY rats with behavioral inhibition
may distinguish this vulnerability from the actual anxiety disorder
and high trait anxiety which are both associated with reduced PPI.

Consistent with the present study and a hypervigilance hypoth-
esis, other studies have demonstrated that prepulse inhibition is
increased when attention is directed to the pre-pulse stimulus
[1,15], and attention may be driven by potential or imminent threat
[10]. As with humans, the behavioral inhibition features of WKY
rats may cause attention to be focused on novel, unexpected stim-
uli such as the prepulse and startle stimuli resulting in an increased
pre-pulse inhibition. Thus, the enhanced acoustic startle response
and the increased pre-pulse inhibition compared to SD rats are
consistent with the idea that WKY rats are hypervigilant.

In the absence of AV interference, interval timing was only
marginally different in WKY rats than in SD rats. Accuracy of tim-
ing and the scalar properties of interval timing were similar in both
strains, while the precision of timing was slightly more variable in
WKY compared to SD rats [30]. However, presentation of random
tone bursts and light flashes on some trials produced large differ-
ences in the timing behavior of the two strains. SD rats were able
to ignore task-irrelevant stimuli (i.e., they were unaffected by the
AV interference) with timing accuracy and precision similar in both
interference and non-interference conditions. In contrast, AV inter-
ference clearly altered the timing behavior of the WKY rats. With AV
interference, peak times of WKY rats were left-shifted (correspond-
ing to a shortening of temporal productions), peak rates increased,
and variability increased. This pattern of alterations in the WKY rats
following AV interference is consistent with an arousal explana-
tion. That is, random presentations of stimuli appeared to increase
the arousal of the WKY rats, but not the SD rats, possibly due to
increased sensory stimulation or presentation of “novel” stimuli. It
is also important to note that the arousing effects of the stimuli
were confined to individual trials with AV interference; perfor-
mance on non-interference trials in the same session was similar to
performance in sessions without AV interference. Thus, the greater
influence of AV interference in WKY but not SD rats provides further
evidence for an association between hypervigilance and behavioral

inhibition. Hypervigilance has also been proposed by Eysenck and
colleagues to be present in individuals with trait anxiety [11,12].

The current study also lends some support to the idea that an
enhanced cortical cholinergic system may underlie the hyperatten-
tive or hypervigilant state associated with behavioral inhibition.
Levels of ChAT activity were found to be marginally higher in pre-
frontal areas in WKY rats compared with SD rats. The cortical
cholinergic system is involved in vigilance (sustained attention)
[26–28]. Lesions of the basalocortical system or the frontal cor-
tex impair the ability to simultaneously time multiple stimuli [37],
remain vigilant in sustained attention procedures [26–28], and dis-
criminate target stimuli from distracting ones [33,34,58]. Evidence
for the converse is limited. Rats treated prenatally with choline
supplements are able to attend and time more stimuli than rats
without prenatal choline supplements [31]; moreover, prenatal
choline supplements enhance the cholinergic system [59]. Sarter
[49] has suggested that the inability to filter out stimuli, such as in
schizophrenia, may be due to excess cortical acetylcholine. Results
found in WKY rats in the present study are consistent with this
view, but we propose that this is a signature of anxiety vulnerability
rather than schizophrenia.

In conclusion, the present study demonstrates enhanced acous-
tic startle, greater pre-pulse inhibition, susceptibility to AV
interference in a peak-interval timing task, and up-regulation of
the cholinergic synthetic enzyme in WKY rats. These findings sup-
port the view that WKY rats demonstrate hypervigilance in addition
to trait behavioral inhibition. The presence of hypervigilance and
behavioral inhibition, two features of anxiety vulnerability in
humans, provide further evidence for the WKY rat as an animal
model of anxiety vulnerability [50].
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