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Abstract
Individuals with Tourette syndrome (TS) exhibit deficits in inhibitory information processing
which may reflect impaired neural mechanisms underlying symptoms and can be detected using a
negative priming (NP) task. NP is the normal reduction of performance when identifying target
stimuli that appears where non-target stimuli appeared previously. TS subjects exhibit diminished
NP and their NP levels predict their response to behavioral therapy. Here we review relevant
literature on this issue and also report a novel rat NP task. In the latter, rats respond to target
stimuli (continuous light) while ignoring non-target stimuli (blinking light). Each trial was
preceded by a prime in which target and non-target stimuli were briefly presented. Performance
was challenged by shortening prime duration and by administering amphetamine. During the short
prime challenge, rats exhibited lower accuracy in NP vs. baseline trials, indicative of inhibitory
information processing. Modulation by amphetamine administration indicates that this drug had
rate-dependent effects. Evidence is provided of individual differences in NP and response to the
drug, with priming being reduced in high NP rats, while it was increased in low NP subjects. The
rat NP task represents a novel and suitable tool for investigating the neural bases of inhibitory
information processing and its dysfunction in TS.
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1. Introduction
The capacity to automatically inhibit or modify motor responses to sensory stimuli is crucial
for proper goal-directed behavior. Conversely, impairments in inhibitory information
processing, defined as the ability to suppress reactions to irrelevant or inappropriate
information, may contribute to symptoms of conditions characterized by repetitive or
otherwise disordered stimulus-driven behaviors. For example, such inhibitory deficits may
underlie both the premonitory urges and the motor and vocal tics in Tourette syndrome (TS).
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Deficient inhibitory information processing is also apparent in other neuropsychiatric
disorders, such as schizophrenia and obsessive-compulsive disorder, and may contribute to
cognitive and behavioral abnormalities in these conditions.

Unlike motor and vocal tics, information processing can be operationally assessed in
specific laboratory measures. For example, a visuospatial priming task measures the ability
of a subject to respond to a target stimulus while ignoring a non-target distractor stimulus.
Performance during a given “probe” trial is evaluated in the context of the location of cue
stimuli in the preceding “prime” trial. When the target stimulus in a probe is presented in the
same location as the non-target stimulus in the preceding prime (“negative priming trial”),
healthy subjects exhibit slower reaction times and lower accuracy compared to probes in
which target location is unrelated to non-target location during the prime (“baseline trial”)
(Tipper, 1985, 2001). Possible explanations of this negative priming (NP) phenomenon
include the activation of inhibitory processes that suppress attention to the location of the
non-target stimulus; in an NP trial, the individual must then activate a previously inhibited
strategy in order to attend to, and respond in, the location that previously held the non-target
stimulus. An alternative theory postulates the formation of a “memory trace” of the location
holding the non-target stimulus marking this location as inappropriate for responding; in an
NP trial, presentation of the target stimulus in this location during the probe triggers retrieval
of this “do not respond” memory trace, which impairs response in this location (Tipper,
1985, 2001).

Negative visuospatial priming is significantly reduced in TS subjects (Deckersbach et al.,
2006; Swerdlow et al., 1996), and the severity of NP deficits in TS patients correlates
significantly with the therapeutic impact of habit reversal therapy (Deckersbach et al., 2006),
an effective behavioral treatment for TS (Azrin and Peterson, 1988; Piacentini et al., 2010).
This finding suggests that NP deficits may reflect neural mechanisms that are intrinsically
linked to TS symptoms (Wright et al., 2006; Wright et al., 2005), and that NP may be useful
for predicting the therapeutic potential of interventions, including pharmacological
treatments, for TS. Conceivably, treatments that normalize NP might also target other
disorders characterized by impaired inhibitory processing and reduced NP, such as
schizophrenia (Elkins and Cromwell, 1994).

No rodent paradigm measuring negative visuospatial priming has been reported. Such a
paradigm would facilitate the systematic, controlled investigation of the neural mechanisms
underlying inhibitory information processing and enable the generation of animal models of
inhibitory deficits relevant to TS. A predictive animal model of NP might also allow for the
development of novel TS medications; conceivably, NP-enhancing medications might
directly reduce TS symptoms, or – based on the relationship reported by Deckersbach et al.
(2006) –enhance the therapeutic impact of behavioral therapies. In this study, we aimed to
describe the characteristics and heuristic values of a novel rat negative visuospatial priming
paradigm (Figure 1), based on a well-established human visuospatial priming task
(Swerdlow et al., 1996; Tipper, 1985). Because dysfunction of dopaminergic signaling has
been implicated in both the pathophysiology of TS (Albin et al., 2003; Leckman et al., 2010)
and the mediation of visuospatial priming (Swerdlow et al., 1997; Wylie and Stout, 2002;
Yamaguchi and Kobayashi, 1998), we also report on the impact on NP of modulation of
dopaminergic signaling through an acute challenge with the indirect dopamine agonist, d-
amphetamine.

2. Behavioral Procedure
Male Long-Evans rats (Charles River Laboratories, Wilmington, MA) were housed two per
cage on a 12 h:12 h reversed light-dark cycle (lights off at 7:00 am). All behavioral testing
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was conducted during the animals’ dark cycle. Rats were allowed to reach a body weight of
at least 300 g before initiation of food restriction and behavioral training. Food restriction
was calibrated to keep rats at 90% of their free-feeding weight and continued throughout
behavioral testing. Water was available ad libitum at all times except during testing.
Animals were treated in accordance with the guidelines of the American Association for the
Accreditation of Laboratory Animal Care and the National Research Council’s Guide for
Care and Use of Laboratory Animals. All experiments were approved by the Animal Care
and Use Committee of the University of California San Diego.

Rats were trained to retrieve the liquid reward from the magazine for two consecutive days
in 10 min sessions, during which a 40 μl increment of strawberry milkshake was delivered
noncontingently into the magazine every 15 s (Habituation 1). Delivery of the reward was
accompanied by illumination of the magazine light. Head entries into the magazine to
consume the reward led to extinction of the magazine light until the delivery of the next
reward.

Next, the rats were trained to nosepoke for the reward during daily 30-minute sessions, in
which all three apertures were illuminated until a nosepoke response occurred (Habituation
2). A nosepoke into any aperture resulted in extinction of all aperture lights and delivery of a
reward into the food magazine. Head entries into the magazine initiated a 4 s intertrial
interval (ITI), after which all apertures were again illuminated. To prevent the establishment
of positional biases, a streak of five consecutive responses into the same aperture resulted in
this aperture no longer being illuminated or responsive until the rat nosepoked at least once
into each of the two remaining apertures.

Once rats had performed >60 responses for two consecutive sessions, they were trained to
distinguish the target and non-target visual stimuli (Visual Discrimination). All trials were
initiated by a head entry into the food magazine. An initial noncontingent liquid reward was
delivered into the magazine at the start of each session to facilitate initiation of the first trial.
After a 4 s ITI, the target stimulus (a continuous light) and the non-target distractor stimulus
(a 5 Hz flashing light) were presented in two of the response apertures. The location of the
target and non-target stimuli varied pseudorandomly between trials, so that each location
contained the stimuli an equal number of times per session, but their location was not
predictable on any given trial. A nosepoke in the aperture containing the target stimulus
within a limited hold period (correct response) resulted in the delivery of a reward into the
food magazine, along with illumination of the magazine light. Nosepokes into the aperture
containing the non-target stimulus (false alarm) or into an unlit aperture (incorrect
response) were punished by a 4 s timeout, marked by illumination of the house light and no
delivery of the reward. Nosepokes in any aperture made before presentation of the target and
non-target stimuli (premature responses) likewise resulted in a timeout and no reward. At
the end of the timeout, the house light was extinguished and the magazine light illuminated
to prompt the animal to initiate the next trial via a head entry into the magazine. The
magazine light was extinguished after removal of the head from the magazine. Each session
lasted 30 min. During the initial sessions, the target and non-target stimuli were
continuously illuminated until a nosepoke occurred. Once rats had performed at least 60
correct responses, the target and non-targets stimulus durations were limited to 10 s. No
response within the stimulus presentation resulted in recording of an omission error and
punishment of rats with a timeout and no reward. Rats were trained until they performed at
least 60 correct responses per session and selected the target stimulus with >60% accuracy.
On average, rats required around 15 sessions to reach criterion performance.

Rats were then trained on the negative visuospatial priming (NP) task. See Figure 1 for a
task schematic and Figure 2 for a flowchart of task performance. Again, all trials were
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initiated by a head entry into the magazine. After a 4 s ITI, the animal was presented with
the prime, consisting of a 0.5 s presentation of the target and non-target stimuli. Nosepoke
responses to the prime in any location were recorded, but had no consequence. The stimuli
were then extinguished, and a 0.3 s interstimulus interval (ISI) followed. After the ISI, the
animal was presented with the probe, consisting of the target and non-target stimuli
presented in different locations. In half of the trials, the target stimulus during the probe was
located in the aperture that had contained no visual stimulus during the prime (baseline
trials). In the remaining trials, the target stimulus during the probe was located in the
aperture that had contained the non-target stimulus during the prime (negative priming or
NP trials). Baseline and NP trials alternated pseudorandomly, so that that each trial type was
presented equally often during each session, but the trial type was not predictable on any
given trial. Premature responses during the ITI before the onset of the prime stimuli were
punished with a timeout period and no reward; responses during the ISI (i.e. between the
prime and probe stimuli presentations) were recorded, but had consequence. Each session
lasted 30 min or until the animal had completed 120 trials, whichever occurred first. The
duration of the target and non-target stimuli during the probe was initially set at 10 s;
responses had to be performed during the presentation of the stimuli or within a 1 s limited
hold after extinction of the stimuli to avoid registration of an omission. Once an animal
reached criterion performance (>60 correct responses and >60% accuracy), the duration of
the probe stimuli was decreased stepwise until rats were no longer able to reach criterion
performance. The final probe stimulus duration achieved was 0.5 s for seven rats, 0.75 s for
three rats, 1 s for one rat, and 1.5 s for two rats. Three of 16 rats failed to develop stable
performance in the task and were excluded, leading to a final n of 13 rats. On average,
around 20 sessions were required to train rats to perform at their final stimulus duration.

The following measures were calculated to assess task performance:

• Accuracy: number of correct responses divided by the sum of correct responses,
incorrect responses, and false alarms [# correct responses/(# correct responses + #
incorrect responses + # false alarms)]. Accuracy was only computed if correct
responses + incorrect responses + false alarms totaled 10 or more.

• Latency to correct response: time from the onset of the light stimulus to the
performance of a correct nosepoke response.

• Accuracy priming value: difference in accuracy between baseline and NP trials
(average accuracy during baseline trials - average accuracy during NP trials).
Accuracy priming values > 0 reflect a negative priming effect, indicating that rats
performed with higher accuracy in baseline compared to NP trials.

• Correct response latency priming value: difference in correct response latency
between baseline and NP trials (average correct response latency during baseline
trials - average correct response latency during NP trials). Correct response latency
priming values < 0 reflect a negative priming effect, indicating that rats performed
with shorter correct response latencies in baseline compared to NP trials.

3. Findings
3.1. Effects of Prime Duration Challenges on NP

3.1.1. Increased Prime Duration Challenge—To determine whether lengthening the
prime stimuli would increase the influence of the prime, leading to more robust negative
priming, rats were challenged by increasing the duration of the prime stimuli from 0.5 s to 1
s after establishment of stable performance in the negative visuospatial priming task.
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There was a nonsignificant tendency for accuracy priming values to become less positive on
the challenge day (see Figure 3a), suggesting a diminished negative priming effect. No
significant difference in accuracy between baseline and NP trials was observed on the day of
the challenge (see Figure 3b). Similarly, on the day of the challenge, the correct response
latency priming values became less negative (see Figure 3c), again indicating a lessened
negative priming effect, reflected by shorter latencies in NP trials compared to baseline trials
(see Figure 3d).

3.1.2. Decreased Prime Duration Challenge—Because the longer prime stimuli were
in fact associated with reduced negative priming, rats were next challenged with a decrease
in the duration of prime stimuli. 14 sessions after the increased prime duration challenge,
during which rats were trained under normal task parameters, rats were challenged by
decreasing the duration of the prime stimuli from 0.5 s to 0.25 s. After five days of normal
training sessions, this short prime duration challenge was repeated.

Shorter prime duration resulted in accuracy priming values becoming more positive
compared to the days before and after the challenge, indicating a stronger NP effect (see
Figures 4a and 5a). On the days of the challenge, rats exhibited significantly lower accuracy
in NP trials compared to baseline trials (see Figures 4b and 5b), confirming a robust NP
effect. These findings were consistent during both repetitions of the challenge.

Response latency priming values also appeared to become more negative on the days of the
challenge, again suggesting a stronger NP effect (see Figures 4c and 5c). However, this
effect did not reach statistical significance, and during the repeated challenge, latency
priming values remained negative on the day after the challenge. Likewise, although rats
exhibited longer correct response latencies in NP trials compared to baseline trials on the
challenge day (see Figure 4d), no significant differences were observed.

Individual accuracy priming values during the two decreased prime duration challenges
were significantly positively correlated (see Figure 6), indicating that animals exhibiting a
strong NP effect during the first challenge were likely to also exhibit a strong NP effect
during the second challenge.

3.2. Effects of Amphetamine on NP
D-Amphetamine sulfate (Sigma, St. Louis, MO, USA) was dissolved in 0.9% saline solution
and administered by subcutaneous injection in a volume of 1 ml/kg at doses of 0.25, 0.5, or
1.0 mg/kg. These doses have been reported to produce selective effects on performance of
similarly complex cognitive tasks without inducing stereotypical movements in rats (Grilly
and Loveland, 2001; Ko and Evenden, 2009; Paterson et al., 2011). Pilot studies in our
laboratory in a different cohort indicated that higher doses (2.0 mg/kg) profoundly and
nonspecifically disrupted performance of the task, to the point where measurement of
visuospatial priming was impossible (data not shown).

Rats were habituated to the injection procedure with a subcutaneous saline injection on the
day before initiation of the experiment. Rats then received 0, 0.25, 0.5, or 1 mg/kg D-
amphetamine 10 min before being tested in the negative visuospatial priming task. Because
the shortened 0.25 s prime stimulus duration produced the most robust negative priming in
the previous experiments, this prime duration was used during the amphetamine challenge
days. Each rat received each dose of amphetamine following a Latin square design (Dénes
and Keedwell, 1974), which counterbalanced the order of all doses to minimize the risk of
confounding order effects. Drug administrations were separated by 5–6 drug-free washout
days, during which task sessions were performed using standard parameters.
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AMPH did not produce a consistent effect on NP overall (see Figure 7a), because effects
varied dependent upon the initial NP rate of the rats.

In order to assess the effect of amphetamine on animals that exhibited strong vs. weak
negative priming in the drug-free state, we divided rats into groups, identifying “high NP”
rats (accuracy priming values above 0 on the day of saline treatment) and “low NP” rats
(accuracy priming values below 0 on the day of saline treatment). Accuracy in the task
exhibited significant interactions between trial type, AMPH dose, and negative priming
levels in the drug-free state. Accuracy priming values likewise exhibited significant
interactions between AMPH dose and priming levels in the drug-free state, with high NP
and low NP rats differing in their priming values only after saline administration. The
robustness of these findings is underlined by the fact that this pattern of significant
interactions was still observed when rats were grouped into high NP and low NP groups
based on a range of different cutoff criteria, such as drug-free NP values > or < 0.5.

Significant NP was observed in high NP rats after saline administration, but was abolished
in these rats after AMPH administration at all doses. This finding was reflected by the fact
that high NP rats exhibited higher accuracy in baseline vs. NP trials only after saline
administration, but not after AMPH (see Figure 7b), and that accuracy priming values
tended to be reduced after all AMPH doses (see Figure 7c). In contrast, in rats with low NP
values in the drug-free state, the 0.25 mg/kg AMPH dose appeared to enhance negative
priming, with accuracy tending to be higher in baseline vs. NP trials after this dose, a pattern
that was absent after saline administration in these animals (see Figure 7d). This pattern was
lost at higher AMPH doses. Confirming this finding, the accuracy priming values in this
group were highest after the 0.25 mg/kg AMPH dose (see Figure 7e).

The total number of trials completed were unaffected by AMPH. While the total number of
correct responses exhibited a trend towards decrease after the highest AMPH dose, rats still
completed significant numbers of correct responses even after this dose, demonstrating that
task performance was not grossly disrupted by the doses of AMPH used. Premature
responses were increased significantly by all doses of AMPH (see Table 1).

4. Discussion
Animal models of TS have been proposed, with different degrees of face, predictive and
construct validity (Swerdlow and Sutherland, 2005). Many of these models rely on the
appearance (e.g. (Campbell et al., 2000)) or suppression (e.g. (Tizabi et al., 2001)) of a “tic-
like” repetitive, stereotyped movement in a rodent as a behavioral end-point. The limitations
and potential anthropomorphic pitfalls of such models have been discussed elsewhere
(Swerdlow and Sutherland, 2005, 2006). An alternative strategy in developing TS-relevant
models is to identify simple measures of information processing that detect deficits in TS
patients, and which can be translated across species for studies in infra-humans. This
approach was taken previously with one measure of automatic inhibition – prepulse
inhibition of the startle reflex (PPI) – which is deficient in TS (Castellanos et al., 1996;
Swerdlow et al., 2001) and has been used to study the anatomy (Baldan Ramsey et al.,
2011b), pharmacology (Swerdlow et al., 2006) and genetics (Baldan Ramsey et al., 2011a)
of this disorder. Negative priming is another simple measure of inhibitory deficits in TS,
with implications for both pathophysiology (Wright et al., 2006; Wright et al., 2005) and
therapeutics (Deckersbach et al., 2006), and the original studies reported here describe the
usefulness of a novel animal model for further understanding the biology of NP deficits in
TS.

In the studies reported here, rats exhibited robust negative visuospatial priming, reflected by
degraded performance when the targets were presented in the location previously occupied
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by the non-target distractor during the preceding prime (NP trials), compared to unrelated
target locations in prime and probe trial (baseline trials). This NP effect was replicable, and
individual negative priming values for each rat were significantly positively correlated
across repeated trials (see Figure 6), indicating that the degree of NP in this task appears to
be a stable trait inherent to the animal. To our knowledge, this is the first documented rat
task assessing visuospatial priming.

4.1 Species Differences
The negative priming effect reported here was most robustly observed in response accuracy:
significantly lower accuracy was detected in NP trials compared to baseline trials (see
Figures 3a, b and 4a, b). While a tendency towards longer correct response latencies in NP
trials compared to baseline trials was observed, this effect was less reliable and never
reached statistical significance (see Figures 3c, d and 4c, d). In the human visuospatial
priming task, NP effects on response accuracy have been observed, but the most robust NP
effect in humans is slowed response latency (Tipper, 2001). This differential sensitivity
across species may reflect the fact that rats adopted a task strategy different from that used
by humans performing an analogous task.

Sensory-based cognitive tasks typically feature a speed-accuracy trade-off: longer
processing of a stimulus before making a response increases response accuracy, while faster
responding generally leads to reduced accuracy. Test subjects can therefore adopt strategies
that either optimize response speed at the cost of accuracy or vice versa, depending on
aspects of the task, such as reward probability, reward size, error cost, etc. (Kay et al.,
2006), and characteristics of the test subjects. A strategy of sacrificing response speed for
the maintenance of accuracy is commonly observed in humans (Busemeyer and Townsend,
1993). Interestingly, while both speed-maximizing and accuracy-maximizing strategies have
been observed in rats and mice (Abraham et al., 2004; Kaneko et al., 2006; Rinberg et al.,
2006; Uchida and Mainen, 2003; Young et al., 2010), rats frequently favor strategies that
maintain high response speeds while sacrificing accuracy. For example, rats exhibit lower
accuracy, but do not slow their reaction times, in higher-difficulty trials of both an odor-
discrimination task (Uchida and Mainen, 2003) and an attentional set-shifting task (Barense
et al., 2002). In contrast, mice maintain high accuracy, while performing with longer
response latencies, in similar tasks when challenged with more difficult odor-discrimination
trials (Abraham et al., 2004) or set-shifting tested at older ages (Young et al., 2010). The
tendency of rats to maintain speed of responding at the cost of accuracy may therefore
explain why the NP effect in our task primarily impacted response accuracy rather than
response latencies.

Species differences in task demands might also contribute to the predominant NP effects on
accuracy in the rat paradigm vs. latency in the human paradigm. Thus, in the human NP
paradigm, subjects perform a minimal finger movement to press a keyboard, and NP effects
on response latency can be as small as several tens of milliseconds (Hartston and Swerdlow,
1999; Swerdlow et al., 1996). Changes in response latency on that scale would be difficult to
detect in this rat NP task, which requires the rat to make a whole-body movement across the
experimental chamber to respond to the stimulus.

4.2 Role of Prime Duration
It is notable that robust negative priming effects in our task were observed only when rats
were challenged by reducing the duration of the prime stimuli from 0.5 to 0.25 s (see
Figures 3 and 4). This pattern – that the priming effect became stronger when the prime
duration was reduced – was consistent with the observation that lengthening the prime
duration from 0.5 to 1 s weakened the priming effect (see Figure 3). Conceivably, shorter

AMITAI et al. Page 7

Neurosci Biobehav Rev. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



duration primes may favor processing by preconscious/automatic mechanisms, which may
be required for the negative priming effect. Indeed, stimuli presented below the level of
conscious awareness can have a greater impact on response characteristics than stimuli that
are consciously perceived (Bargh, 1992; Bornstein, 1989). In one potentially relevant
paradigm, prepulse inhibition (PPI) of the startle response is maximal when the interval
between the weak lead stimulus and the startling stimulus is 60–120 ms; longer intervals
result in less inhibition of startle (Braff et al., 1978; Graham, 1975). The shorter prepulse-
pulse intervals associated with maximal PPI have been linked to more automatic,
preconscious inhibition, whereas longer intervals are linked to more volitional, consciously
controlled inhibition (Swerdlow et al., 2008).

4.3 Effects of Modulation of Dopamine Levels
Administration of low doses of D-amphetamine (AMPH) before testing under conditions
that would normally produce negative priming (i.e., decreased duration of prime stimuli)
altered performance in a manner that was dependent on the rats’ amount of drug-free
negative priming (i.e., while challenged with shorter prime stimuli but administered only
saline). In rats that exhibited high levels of drug-free negative priming, all doses of AMPH
disrupted negative priming (see Figure 7b, d). This abolition of negative priming was a
selective behavioral effect: AMPH did not alter the number of trials completed by the rats,
nor did it significantly reduce the number of correct responses performed (see Table 1). In
contrast, in rats that exhibited low levels of drug-free negative priming, the 0.25 mg/kg dose
of AMPH increased negative priming. It was only at this dose – and not after saline
administration – that these rats exhibited lower accuracy in the NP trials compared to
baseline trials (see Figure 7c, e).

This “rate-dependent” effect of AMPH recalls the widely observed pattern described in the
Yerkes-Dodson law, which states that performance, especially in difficult tasks, initially
increases with physiological or mental arousal, but when levels of arousal become too high,
performance is degraded (see Figure 8). The finding that AMPH improves NP in animals
with normally low levels of NP, while reducing NP in animals with high levels of NP,
suggests that an optimal level of dopamine transmission might produce maximal amount of
negative visuospatial priming, and that levels either above or below that optimal point result
in reduced or no negative priming. Such a role for “optimal dopamine levels” has been
suggested in other features of information processing and cognition, as evidenced by rate-
dependent effects of AMPH in humans (Mattay et al., 2003; Talledo et al., 2009), including
tasks with specific visuospatial processing demands (Hamidovic et al., 2010). Parallel
findings have been reported with systemic AMPH administration in rats (Lyon and Robbins,
1975; Talledo et al., 2009) and mice (Papaleo et al., 2008), and after infusion of dopamine
D1 agonists and antagonists into the prefrontal cortex (PFC) of rats performing an
attentional task (Granon et al., 2000). The PFC has also been implicated in the control of
visuospatial priming in humans (Wright et al., 2006; Wright et al., 2005), and AMPH
significantly increases PFC dopamine release in rats (Moghaddam and Bunney, 1989).
Optimal dopamine transmission levels in the PFC may therefore be required for maximum
levels of PFC-controlled functions, including visuospatial priming.

4.4 Predictions and Therapeutic Implications
One “reverse translational” and testable prediction from the present findings would be that
AMPH should increase NP in TS patients with lowest NP levels. Conceivably, such a drug
effect might predict an AMPH-enhanced response to habit reversal therapy in these subjects,
given that greater levels of NP predict a positive therapeutic response to this treatment
(Deckersbach et al., 2006). This prediction is not terribly bold, as stimulants have been
reported to enhance attentional mechanisms and, in some cases, reduce tic severity in
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children with co-morbid TS and attention deficit disorder (Tourette’s Syndrome Study
Group, 2002). More generally, the fact that intact NP in TS patients predicts a positive
response to behavioral therapy suggests that the neural substrates of that regulate NP may be
engaged through the process of gaining volitional control over automatic responses. The
ability of novel medications to enhance negative priming in the present model might
therefore be reasonably expected to predict their utility in augmenting behavioral therapies
for TS.

Alternatively, the abolition of NP after administration of higher doses of AMPH (0.5 – 1.0
mg/kg) may be analogous to the NP deficits seen in TS. This interpretation would suggest
that the increased dopamine release induced by AMPH mimics the excessive dopamine
function postulated in TS etiology (Albin et al., 2003; Leckman et al., 2010). In this case,
AMPH would be expected to disrupt NP in healthy human subjects with high NP levels, and
possibly in TS patients with relatively high NP, mirroring the disruption of PPI observed in
humans with high baseline levels of PPI (Talledo et al., 2009).

TS is a complex clinical phenotype, and “pure” TS is much less common than forms that are
comorbid with syndromes or diagnoses of attention deficit/hyperactivity disorder (ADHD)
and/or obsessive-compulsive disorder (OCD). Whether these clinical phenotypes represent
“mixtures” of different disorders rather than neurobiologically distinct entities is not known;
perhaps more importantly, no animal model is likely to capture the full neurobiology
relevant to all of the varied forms of TS. By modeling several symptoms of TS, however,
any compounds developed that attenuate deficits in several of these models are more likely
to be efficacious in patients, a concept referred to as convergent validity. Hence, modeling
NP deficits is a step forward. Moreover, NP deficits in TS as first reported in a visuospatial
priming task were independent of comorbid ADHD and OCD (Swerdlow et al. 1996), and
comorbid conditions did not impact the predictive value of priming deficits on therapeutic
response to habit reversal therapy (Deckersbach et al. 2006). Based on a different paradigm,
some (Ozonoff et al. 1998) have suggested a role of symptom severity and/or comorbid
OCD and/or ADHD in TS-related NP deficits, while others (Tomporowski et al. 1994) have
reported that visuospatial attentional performance in a related visuospatial priming paradigm
did not differ between healthy children and children with non-TS-related ADHD. Thus, the
present available literature suggests that NP deficits in TS patients reflect pathology of
relevance to some, if not all, forms of this disorder.

4.5 Summary
In summary, we describe a novel visuospatial priming task that detects negative priming in
rats. Rodent negative priming is sensitive to modification by pharmacological intervention
with relevance to TS pathology. This novel task may facilitate cross-species studies of
inhibitory information processing, its dysfunction in brain disorders including TS, and the
discovery of novel therapeutic approaches to these disorders.
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Highlights

• We developed a novel rat task to assess visuospatial priming, a measure of
competitive information processing with relevance to Tourette syndrome.

• Rats exhibited robust negative priming (NP) in our task.

• Amphetamine had rate-dependent effects on NP, disrupting NP in high NP rats
and enhancing NP in low NP rats.

• Our task may constitute a valuable novel tool for investigating the neural bases
of NP deficits in TS and other neuropsychiatric disorders.
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Figure 1.
Task schematic for the negative priming task exemplifying the different trial types. Training
and testing are conducted in 9-hole operant testing chambers enclosed in ventilated sound-
attenuating chambers (Med Associates Inc., St. Albans, VT and Lafayette Instrument
Company, Lafayette, IN). Each testing chamber contains a curved rear wall with nine
contiguous apertures. Metal inserts cover six of the apertures, leaving open apertures 3, 5,
and 7, so that the rodent faces a curved wall with three equidistant apertures. Each aperture
contains an infrared beam at the entrance to detect nosepoke responses and a LED stimulus
light at the rear to present stimuli. Liquid reinforcement in the form of strawberry milkshake
(Nesquik® plus non-fat milk, 40 μl) can be delivered into a magazine located in the
opposite wall via peristaltic pump; an infrared beam detects head entries into the magazine.
A house light is located in the middle of the chamber ceiling. The control of stimuli and
recording of responses is managed by a SmartCtrl Package 8-In/16-Out with additional
interfacing by MED-PC for Windows (Med Associates Inc., St. Albans, VT) using custom
programming.
During the prime trial, the target stimulus (continuous light) and the non-target stimulus (5
Hz flashing light) are briefly presented simultaneously in pseudorandom locations. After a
short period of time (interstimulus interval), a probe trial follows. In the case of a baseline
trial, the location of the target stimulus in the probe trial is unrelated to the location of either
stimulus in the prime trial. In the case of a negative priming trial, the target stimulus in the
probe trial is located in the same aperture that contained the non-target stimulus during the
preceding prime trial.
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Figure 2.
Flowchart of negative priming (NP) task performance. Every trial begins with the
illumination of the magazine (reward delivery area) light. The magazine light is
extinguished once the rat performs a head entry into the magazine. Exiting the magazine
initiates a 4 s intertrial interval. Nosepoking in any aperture during this interval (i.e., before
presentation of the stimuli) results in a premature response being recorded and the error
sequence (see below) being initiated. Otherwise, at the end of the intertrial interval, the
prime trial begins, during which the target stimulus (continuous light) and the non-target
stimulus (flashing light) are simultaneously presented for 0.5 s. No responses are required
during the prime trial; any nosepokes performed by the rat are recorded but have no
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consequence. The stimuli are then extinguished for a 0.3 s interstimulus interval. The probe
trial then begins, in which the target and non-target stimuli are again simultaneously
presented in different locations. If the target stimulus is presented in the aperture that held
the non-target stimulus during the preceding prime trial, the current trial constitutes an NP
trial; otherwise, it is a baseline trial (see Fig. 1). Any following computer inputs are tallied
separately for baseline and NP trials. If the rat nosepokes into the aperture containing the
target stimulus, a correct response is recorded and a liquid reward (strawberry milkshake) is
delivered into a now illuminated magazine. Head entry into the magazine to consume the
reward again extinguishes the magazine light, and exiting initiates a new trial and intertrial
interval. Alternatively, if the rat nosepokes into the aperture containing the non-target
stimulus, a false alarm is recorded; if it nosepokes into an unlit aperture, an incorrect
response is recorded; if it fails to perform a nosepoke during the duration of stimulus
presentation, an omission is recorded. All of these errors initiate the error sequence: all
stimulus lights are extinguished and the house light is illuminated for a 6 s timeout, and no
food reward is delivered.
After completion of the timeout interval, the house light is extinguished and the magazine
light illuminated so that the next trial can begin.
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Figure 3.
Decreasing the duration of the prime stimulus disrupted negative priming (NP). On the day
of the increased prime duration challenge, accuracy priming values became less positive
(A), reflecting less NP, although this effect did not reach statistical significance [F(2, 24) =
1.06, p > 0.1]; no significant difference between accuracy in baseline and NP trials [t(12) =
0.94, p > 0.1] was detected on the day of the challenge (B). Likewise, there was a trend for
correct latency priming values to become less negative on the day of the challenge [F(2, 24)
= 2.78, p = 0.08], also reflecting less NP (C); correct response latencies during NP trials
were actually shorter than during baseline trials (the opposite pattern from that predicted by
NP) during the challenge [t(12) = 3.34, p < 0.01] (D).
Data were analyzed using repeated-measures analyses of variance (ANOVA) to compare the
priming values during challenge to the sessions before and after the challenge. When
statistically significant effects were found in the ANOVAs, post hoc comparisons among
means were conducted using Newman-Keuls tests. Paired two-tailed t-tests were used to
compare performance during baseline and NP trials on the duration challenge days. The
level of significance was set at 0.05 throughout. Data were analyzed using GraphPad
Prism® (GraphPad, San Diego, CA) and Sigmaplot® (Systat Software Inc., San Jose, CA,
USA). Values are expressed as mean ± SEM. Asterisks (**p < 0.01) denote significant
differences compared with baseline trials.
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Figure 4.
Decreasing the duration of the prime stimulus enhanced negative priming (NP). On the day
of the decreased prime duration challenge, accuracy priming values became more positive,
reflecting more NP (A). Comparison of accuracy priming values before, during, and after
the challenge showed a significant main effect of day [F(2, 24) = 5.35, p < 0.05]. Post hoc
testing confirmed that accuracy priming values on the challenge day were significantly
larger compared to both the three days preceding the challenge (p < 0.05) and the day after
the challenge (p < 0.05). Rats exhibited significantly higher accuracy in baseline trials
compared with NP trials [t(12) = 4.29, p < 0.01] on the day of the challenge (B). Similarly,
correct latency priming values became more negative on the day of the challenge, also
reflecting more NP (C), although this effect did not reach statistical significance [F<1, ns]
and there was no significant difference between correct response latencies in baseline and
NP trials [t(12) = 0.91, p > 0.1] on the day of the challenge (D).
Data were analyzed using repeated-measures analyses of variance (ANOVA) to compare the
priming values during challenge to the sessions before and after the challenge. When
statistically significant effects were found in the ANOVAs, post hoc comparisons among
means were conducted using Newman-Keuls tests. Paired two-tailed t-tests were used to
compare performance during baseline and NP trials on the duration challenge days. Values
are expressed as mean ± SEM. Asterisks (**p < 0.01) denote significant differences
compared with days before and after the challenge (A) or compared with baseline trials (B).
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Figure 5.
The effect of the decreased prime stimulus challenge to enhance negative priming (NP) was
sustained upon repeated challenge. On the day of the second decreased prime duration
challenge, accuracy priming values again became more positive, reflecting more NP (A),
with a very strong trend towards differences between the accuracy priming values obtained
before, during, and after the challenge [F(2, 24) = 3.40, p = 0.05]. Rats again exhibited
significantly higher accuracy in baseline trials compared with NP trials [t(12) = 3.66, p <
0.01] on the day of the challenge (B). Although there was a tendency for correct latency
priming values to become more negative on the day of the challenge, also reflecting more
NP (C), this tendency persisted on the day after the challenge, and did not result in
statistically significant differences in response latency priming values on the different days
[F(2, 24) = 2.19, p > 0.1]. There was no significant difference between correct response
latencies in baseline and NP trials [t(12) = 0.38, p > 0.1] on the day of the challenge (D).
Data were analyzed using repeated-measures analyses of variance (ANOVA) to compare the
priming values during challenge to the sessions before and after the challenge. When
statistically significant effects were found in the ANOVAs, post hoc comparisons among
means were conducted using Newman-Keuls tests. Paired two-tailed t-tests were used to
compare performance during baseline and NP trials on the duration challenge days. Values
are expressed as mean ± SEM. Dagger symbol (†) denotes trend toward difference between
with days before, during, and after the challenge; asterisks (**p < 0.01) denote significant
differences compared with baseline trials.
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Figure 6.
Positive correlations of performance between first and second short prime duration
challenges. Individual accuracy priming values for each animal from the two short prime
duration challenges were compared using Spearman correlations. Values from the first and
second decreased prime duration challenges were significantly positively correlated (r =
0.66, p < 0.05), indicating that rats exhibiting high rates of negative priming (NP) in the first
challenge also did so during the second challenge, and likewise for rats exhibiting low rates
of NP.
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Figure 7.
Amphetamine (AMPH) exhibited rate-dependent effects on negative priming (NP). Two-
way ANOVA detected a significant effect of Trial Type on accuracy [F(1, 72) = 5.22, p <
0.05]; however, post hoc testing did not reveal any significant differences in accuracy
between baseline and NP trials overall at any amphetamine dose (A). No main effects of
Amphetamine Dose or Trial Type x Amphetamine Dose interaction were observed overall.
However, when animals were examined separately based on their initial NP rate in the drug-
free state, significant patterns emerged.
A three-way ANOVA of Median Split Group, Trial Type, and Amphetamine Dose revealed
a very strong trend towards a significant interaction [F(3, 33) = 2.90, p = 0.05] between
these factors. When accuracy priming values were calculated and compared for the two
groups, a significant Median Split Group x Amphetamine Dose interaction [F(3, 33) = 2.98,
p < 0.05] was observed. Post hoc testing indicated that groups differed in priming values
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only after saline administration (p < 0.05), while this difference was lost after AMPH
administration at any dose.
In high NP rats, two-way ANOVA revealed a significant effect of Trial Type on accuracy
[F(1, 42) = 13.47, p < 0.01]. Post hoc testing revealed that animals exhibited significantly
lower accuracy in NP trials compared to baseline trials after saline treatment (p < 0.01). This
NP effect was absent after amphetamine administration at any dose (B). Examination of
accuracy priming values shows that high NP rats exhibited a robustly positive accuracy
priming value after saline treatment that was attenuated by amphetamine treatment at every
dose (C), although this effect did not reach statistical significance [F<1.7, ns].
In low NP rats, no significant effect of Trial Type was detected [F<1, ns]. However, a
tendency toward lower accuracy in baseline trials compared to NP trials after saline
administration was observed. This pattern was reversed after the 0.25 mg/kg dose of
amphetamine; here, rats exhibited lower accuracy in NP trials compared to baseline trials,
suggesting a strengthened NP effect. Accuracy differences between baseline and NP trials
were absent after the higher amphetamine doses (D). While no significant differences in
accuracy priming values for low NP were found [F<1.3, ns], inspection of the data suggests
that rats did not exhibit an NP effect after saline administration, whereas after administration
of the 0.25 mg/kg amphetamine dose, the accuracy difference became positive, indicating a
stronger NP effect. At higher amphetamine doses, no NP effect was observed (E).
No main effect of Amphetamine Dose and no interaction were found in either high NP or
low NP rats. No significant effect of Trial Type or Amphetamine Dose and no Trial Type x
Amphetamine Dose interaction on correct response latency were observed (data not shown).
Data were analyzed using two-way ANOVA, with the two factors Trial Type (baseline or
NP) and Amphetamine Dose. Post hoc comparisons of significant effects were conducted
using Bonferroni tests. Values are expressed as mean ± SEM. Asterisks (**p < 0.01) denote
significant differences compared with baseline trials. BL, baseline; NP, negative priming.
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Figure 8.
Schematic of the Yerkes-Dodson law in relation to the effects of amphetamine observed in
this study. Variables of the original Yerkes-Dodson law are marked along the solid axes;
variables relating to this study are marked along the dotted axes. As described in the original
Yerkes-Dodson law, low arousal levels are associated with low performance. At higher
arousal levels, performance improves up to a point; however, at very high arousal levels,
performance deteriorates. Analogously, in the hypothetical pattern underlying the findings in
our study, low levels of dopamine transmission are associated with low levels of negative
priming (NP). As dopamine levels increase, NP at first increases also, e.g. in low NP (O)
rats administered amphetamine (☆). Increasing dopamine levels past a presumed optimal
point, e.g. in high NP rats (★) administered amphetamine (●), results in NP deteriorating.

AMITAI et al. Page 23

Neurosci Biobehav Rev. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

AMITAI et al. Page 24

Ta
bl

e 
1

E
ff

ec
ts

 o
f 

am
ph

et
am

in
e 

(A
M

PH
) 

on
 ta

sk
 p

er
fo

rm
an

ce
. T

ot
al

 tr
ia

ls
 w

er
e 

un
af

fe
ct

ed
 b

y 
an

y 
am

ph
et

am
in

e 
do

se
. T

he
re

 w
as

 a
 tr

en
d 

to
w

ar
ds

 a
 m

ai
n 

ef
fe

ct
 o

f
A

m
ph

et
am

in
e 

D
os

e 
to

 r
ed

uc
e 

to
ta

l c
or

re
ct

 r
es

po
ns

es
 [

F(
3,

 3
6)

 =
 2

.5
8,

 p
 =

 0
.0

7]
. A

 m
ai

n 
ef

fe
ct

 o
f 

A
m

ph
et

am
in

e 
D

os
e 

on
 p

re
m

at
ur

e 
re

sp
on

se
s 

be
fo

re
 th

e
pr

im
e 

w
as

 o
bs

er
ve

d 
[F

(3
, 3

6)
 =

 6
.9

6,
 p

 <
 0

.0
01

];
 p

os
t h

oc
 te

st
in

g 
co

nf
ir

m
ed

 th
at

 p
re

m
at

ur
e 

re
sp

on
se

s 
w

er
e 

in
cr

ea
se

d 
af

te
r 

ea
ch

 a
m

ph
et

am
in

e 
do

se
co

m
pa

re
d 

to
 s

al
in

e 
(p

 <
 0

.0
1 

fo
r 

0.
25

 m
g/

kg
, p

 <
 0

.0
01

 f
or

 0
.5

 m
g/

kg
, p

 <
 0

.0
5 

fo
r 

1 
m

g/
kg

).
D

at
a 

w
er

e 
an

al
yz

ed
 u

si
ng

 o
ne

-w
ay

 r
ep

ea
te

d 
m

ea
su

re
s 

A
N

O
V

A
. P

os
t h

oc
 c

om
pa

ri
so

ns
 o

f 
si

gn
if

ic
an

t e
ff

ec
ts

 w
er

e 
co

nd
uc

te
d 

us
in

g 
N

ew
m

an
-K

eu
ls

 te
st

s.
V

al
ue

s 
ar

e 
ex

pr
es

se
d 

as
 m

ea
n 

±
 S

E
M

.

sa
lin

e
0.

25
 m

g/
kg

0.
5 

m
g/

kg
1 

m
g/

kg

tr
ia

ls
11

1.
69

 ±
 7

.0
1

11
6.

85
 ±

 8
.1

1
95

.0
8 

±
 1

2.
72

98
.0

0 
±

 1
1.

22

to
ta

l c
or

re
ct

 r
es

po
ns

es
40

.2
3 

±
 4

.4
0

38
.6

2 
±

 3
.4

7
31

.3
8 

±
 5

.6
1

27
.5

4 
±

 4
.5

2†

pr
em

at
ur

e 
re

sp
on

se
s

8.
00

 ±
 1

.5
1

35
.0

8 
±

 6
.9

3*
*

40
.6

9 
±

 9
.9

5*
**

26
.2

3 
±

 6
.5

6*

A
st

er
is

ks
 (

*p
 <

 0
.0

5,
 *

*p
 <

 0
.0

1,
 *

**
p 

<
 0

.0
01

) 
de

no
te

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
es

 a
nd

 d
ag

ge
r 

sy
m

bo
l (

†)
 d

en
ot

es
 a

 tr
en

d 
to

w
ar

d 
di

ff
er

en
ce

 c
om

pa
re

d 
w

ith
 p

er
fo

rm
an

ce
 a

ft
er

 s
al

in
e 

ad
m

in
is

tr
at

io
n.

Neurosci Biobehav Rev. Author manuscript; available in PMC 2014 July 01.


