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The dopamine D2 agonist quinpirole disrupts 
attention to temporal signals without selectively 

altering the speed of the internal clock 

LIANNE STANFORD and ANGELO SANTI 
Wilfrid Laurier University, Waterloo, Ontario, Canada 

Three groups of rats were trained to discriminate between 2 sec and 8 sec of darkness by respond
ing to either the left or the right lever. Following acquisition of this temporal discrimination, psy
chophysical functions were obtained by presenting unreinforced signals of intermediate duration. Two 
groups of rats were trained with saline and subsequently tested with the specific D2 dopamine agonist 
quinpirole (0.08 mg/kg). One of these groups was naive to the drug prior to testing (DN), whereas the 
other had exposure to the drug but not during training sessions (DE). A third group (DT) was trained 
under quinpirole and tested with saline. The temporal discrimination was acquired rapidly and equiv
alently in Groups DN and DE. However, rats in Group DT were severely impaired in acquiring the dis
crimination. During psychophysical testing, quinpirole disrupted the accuracy of temporal discrimina
tion equivalently in Groups DN and DE. Both the Weber fraction (WF) and the difference limen (DL) 
increased significantly in Groups DN and DE; however, the point of subjective equality (PSE) was not 
affected. In Group DT, the shift to saline during psychophysical testing did not result in any changes to 
the PSE, DL, or WF. These fmdings are not consistent with the hypothesis that the speed of the inter
nal clock is selectively affected by D2 dopaminergic manipulations. Prior exposure to the drug does not 
appear to be a critical variable in the failure to observe a selective adjustment of the internal clock. The 
D2 agonist quinpirole appears to affect the accuracy of temporal discriminations generally, without al
tering the speed of the internal clock. 

Much ofthe research on animals' ability to perceive and 
remember time has benefited from the theoretical frame
work provided by an information-processing model of 
temporal processing. Church (1984) proposed an internal 
clock model that depicts how an animal perceives and re
members the duration of an event and decides if it is 
comparable to other reinforced durations. Church's model 
is composed of two stages: the clock stage-consisting of 
the pacemaker, switch, and accumulator-and the mem
ory stage, which includes both reference and working 
memory. Closure of the switch allows pulses from the 
pacemaker to travel to an accumulator. The accumulated 
pulses on each trial are compared with previously rein
forced durations stored in reference memory, and a re
sponse decision is made. 

The point of subjective equality (PSE), or that point at 
which an animal chooses the response alternative rein
forced following the long duration 50% of the time, has 
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been used to study animals' perception of event duration. 
Maricq, Roberts, and Church (1981) trained rats to choose 
between a left and a right lever following blackouts of 
different durations. Seven signal durations were presented, 
but only the two extreme signal durations were rewarded 
after a correct choice. On saline test sessions, the PSE was 
close to the geometric mean between the two extreme sig
nal durations. Methamphetamine shifted the PSE to the 
left by approximately 10%, relative to the PSE on saline 
control sessions. Maricq et al. reasoned that this was 
demonstrative of a change in clock speed, because the 
change in the PSE was positively related to the signal 
range being timed. Maricq and Church (1983) replicated 
the finding of a leftward shift in the PSE by methamphet
amine. In addition, they demonstrated that haloperidol, a 
dopamine-receptor blocker, shifted the PSE rightward, 
whereas a combination of methamphetamine and haloperi
dol produced the same PSE as that found on saline control 
sessions. 

Using similar procedures, Meck (1983) provided fur
ther support for the hypothesis that dopamine affects the 
clock stage of the internal clock. He reasoned that, if the 
clock stage was affected by a drug, the effects ofthat drug 
would be attenuated with repeated exposure, since the 
rats would learn to rescale the durations. In addition, abrupt 
termination of exposure to the drug would result in a shift 
of the psychophysical function in a direction opposite to 
that originally produced by the drug. However, if mem
ory was affected, the shift in the psychophysical function 
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would be permanent, and termination of chronic exposure 
would not result in a rebound effect. Meck (1983) found 
that methamphetamine shifted the PSE to the left by about 
10%. When methamphetamine administration was termi
nated, the PSE was shifted to the right. Haloperidol pro
duced complementary effects to methamphetamine but in 
the opposite direction. Meck (1983) concluded that the ef
fective level of dopamine determines the setting of clock 
speed in the rat, with methamphetamine increasing clock 
speed and haloperidol decreasing it. 

A further advance in pharmacologically isolating the 
internal clock derives from a study by Meck (1986), in 
which he related the binding affinity of various dopamine 
antagonists to their potency in producing a temporary 
rightward shift in psychophysical timing functions. There 
are at least three different dopamine receptor subtypes: 
Dl (adenylate cyclase-linked), D2 (nonadenylate cyclase
linked), and D3 (presynaptic). Meck (1986) discovered 
that affinity for the dopamine D2 receptor best predicted 
the efficacy of dopamine antagonists in decreasing clock 
speed, and he concluded that dopamine D2 receptors 
played a major role in controlling the clock component of 
the internal clock. 

Although this research has presented a compelling 
analysis of the role of dopamine in time perception, several 
studies in both rats (Lejeune et aI., 1995; Rapp & Rob
bins, 1976; Santi, Weise, & Kuiper, 1995) and pigeons 
(Santi et aI., 1995; Stubbs & Thomas, 1974) have reported 
effects of dopaminergic manipulations that are not con
sistent with this analysis. Rapp and Robbins trained rats 
to make a left-lever response following a 3-sec tone and 
a right response following a 7-sec tone. At the highest 
dose (0.8 mglkg) of d-amphetamine administered, accu
racy was disrupted, and 4 out of 5 rats exhibited a bias to
ward short responses. D. A. Stubbs and Thomas trained 
pigeons to peck a red comparison stimulus following short
duration samples and a green comparison stimulus fol
lowing long-duration samples. They found that amphet
amine had greater effects on longer sample durations, 
regardless of the absolute lengths of those durations. That 
is, amphetamine produced a choose-short response bias 
like that produced by increasing the length of delay in
tervals (Spetch, 1987). Lejeune et ai. failed to observe a 
choose-long bias in time estimation after the very first in
jection of amineptine (a drug believed to induce dopamine 
release and to block dopamine uptake). They concluded 
that drugs modulating the dopaminergic system do not 
selectively target time mechanisms specifically. Santi 
et ai. found that, for both rats and pigeons, amphetamine 
reduced the overall accuracy of temporal discriminations 
without producing any evidence of a bias to overestimate 
time. These results indicate that amphetamine-induced 
impairment of temporal discrimination performance in
volves more than simple direct influences on internal clock 
processes. 

To summarize, research by Meck and his colleagues 
has provided considerable support for the involvement 
of dopamine in altering the speed of the internal clock 
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(Maricq & Church, 1983; Maricq et aI., 1981; Meck, 1983, 
1986; Meck & Church, 1983). However, other studies 
of dopaminergic effects on temporal discriminations in 
both rats and pigeons have failed to produce a choose
long response bias that would be consistent with a speed
ing of the internal clock (Lejeune et aI., 1995; Rapp & 
Robbins, 1976; Santi et al., 1995; D. A. Stubbs & Thomas, 
1974). It is widely recognized that dopaminergic agents 
may not exclusively affect processes related to time dis
crimination. For example, there is considerable evidence 
that dopaminergic drugs such as amphetamine affect non
temporal working and reference memory (Bushnell & 
Levin, 1993; Packard & White, 1989). Nevertheless, it is 
important to know precisely what experimental conditions 
are necessary in order to produce selective clock effects 
such as those reported by Meck (1996). Drug dosage and 
type of drug can probably be ruled out, because these pa
rameters were the same in Meck (1983) and in Santi et ai. 
Three other experimental conditions that might be rele
vant are the psychophysical method itself, prior experi
ence with the drug, and the method of data analysis. 

Of those studies producing inconsistent results, only 
Stubbs and Thomas (1974) obtained psychophysical func
tions, but the psychophysical method that they used dif
fered in several ways from the standard bisection proce
dure used by Meck (see Fetterman, 1995). Second, in all 
ofthe studies producing inconsistent results, the animals 
had no prior experience with the drug. In Meck (1983), 
a specialized procedure was used. Rats were trained to 
discriminate temporal durations under saline, and they 
received a drug, such as amphetamine, outside the training 
paradigm on nontraining days. Consequently, although 
these animals were experienced with the effects of the 
drug, they had never experienced these effects while per
forming the temporal discrimination task until the first 
test session. It could be argued that the initial exposure 
to a drug such as amphetamine has a general disruptive 
effect on behavior that prevents selective clock effects 
from being detected. Maricq et ai. (1981) noted that, "in 
order to determine if clock rate is affected, it is essential 
to observe the effect of a drug that does not lead to a 
marked attenuation oftemporal control" (p. 29). Ensuring 
that animals are familiar with the drug prior to assessing 
its effects on time perception may be necessary to observe 
selective clock effects. 

Finally, the method of data analysis may be critical for 
demonstrating a speeding of the clock under amphetamine. 
In studies by Maricq et ai. (1981), Maricq and Church 
(1983), and Meck (1983), the psychophysical functions 
were calculated on the basis of responses faster than the 
mean latency of responses with a correction for responses 
not controlled by time. Other studies of amphetamine's 
effects on temporal discriminations in both rats (Lejeune 
et aI., 1995; Rapp & Robbins, 1976; Santi et aI., 1995) 
and pigeons (Santi et aI., 1995; Stubbs & Thomas, 1974) 
have included the responses of all trials in their analyses. 

The present study was designed to extend current 
knowledge of the effects of dopaminergic manipulations 
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on time perception, with respect to both pharmacology 
and behavioral testing procedures. With respect to phar
macology, this study examined the effects of a specific 
D2 receptor agonist, quinpirole, on time perception. The 
effects of specific D2 receptor agonists on psychophys
ical timing functions have not previously been reported 
for rats. With respect to behavioral testing, this study al
lowed assessment of how important the three variables of 
prior drug exposure, psychophysical testing method, and 
method of data analysis are to the detection of selective 
clock effects. The role of prior drug exposure was assessed 
by manipulating the training and testing conditions for 
three groups of rats. Two groups of rats were trained with 
saline and subsequently tested with the specific D2 do
pamine agonist quinpirole. One of these groups was naive 
to the drug prior to testing (DN), whereas the other had 
prior exposure to the drug but not during training ses
sions (DE). A third group (DT) was trained under quin
pirole and tested with saline. According to the biological 
articulation of the internal clock model (Meck, 1996), the 
group trained under quinpirole (DT) should show an im
mediate rightward shift in the psychophysical function 
(increase in the PSE) when tested under saline. The group 
trained under saline but experienced with quinpirole 
(DE) should show an immediate leftward shift in the psy
chophysical function (decrease in the PSE) when tested 
with quinpirole. Finally, if the effect of drug novelty was 
responsible for discrepancies in the research literature 
noted earlier, then animals with no prior drug experience 
(DN) would be generally disrupted, as indicated by a loss 
of accuracy at the endpoints, and no internal clock ma
nipulation would be found. The psychophysical testing 
method was the same as that used by Meck (1983). Finally, 
the data were analyzed in two ways-both by including 
all trials during test sessions and by eliminating trials in 
which the latency of responding was greater than 3.0 sec 
(see Meck, 1986). 

METHOD 

Subjects 
Twenty-four adult male Sprague-Dawley rats (Charles River, 

Canada), naive in drug and temporal discrimination experiments, 
started as subjects. They were individually housed in clear Plexiglas 
shoebox cages in a vivarium with 12: 12-h light:dark cycles, with 
fluorescent lights on at 8:00 a.m. and ad-lib access to water. During 
testing, they were food deprived and maintained at approximately 
85% of their normal body weight, with supplemental feeding of 
LabDiet for rodents (PMI Feeds). At the beginning of the experi
ment, the rats were approximately 90 days old. 

Apparatus 
Four Coulbourn operant chambers (Model E I 0-1 0), individually 

housed in isolation chambers (Model EIO-20) and equipped with 
baffled exhaust fans, were used. On the front wall of the chamber, 
two retractable levers (Model E23-07) in two of the boxes and 
Model E23-17 in the other two were positioned on either side of a 
pellet feeder (Model EI4-06) approximately 3 cm from the grid 
floor and 14 cm apart. The pellet feeder, placed in the center of the 
front wall, with the opening approximately 3 cm from the floor of 
the chamber, provided access to 45-mg pellets (Bioserve Universal 

Research Test Diets grain-based rodent pellets). A houselight 
(Model E 11-01, bulb SLl819x), positioned 6.5 cm directly above the 
pellet feeder and reflecting toward the ceiling of the chamber, re
mained on throughout each trial. Offset of the house light was the 
carrier of the temporal signal. All events anel ,nses were arranged 
and recorded by a microcomputer system lu"dled in the same room. 

Drug 
The highly effective D2 agonist quinpirole was used (Research 

Biochemicals International, Natick, MA). The dose of 0.08 mg/kg 
for quinpirole was administered interperitonally using a distilled 
water vehicle and dissolved so that injection volumes were I mllkg. 
This dose was used for all rats during the first 45 sessions. At this 
point, the DN and DE groups had completed the study, and the dose 
of quinpirole was reduced to 0.04 mg/kg for the DT group in order 
to facilitate their acquisition of the two-signal training task. Control 
injections utilized physiological saline (I ml/kg). 

The 0.08-mg/kg dosage of quinpirole was selected on the basis 
of previous research conducted by Bushnell and Levin (1993). They 
found that a 0.056-mg/kg dose of quinpirole and a I.OO-mg/kg dose 
of d-amphetamine produced a similar disruption of spatial delayed 
nonmatching-to-position in rats. In previous studies of timing in 
rats, a 1.5-mg/kg dose of methamphetamine has been used (Maricq 
et aI., 1981; Meck, 1983; Meck & Church, 1983; Santi et aI., 1995). 
Consequently, the 0.056-mg/kg dose of quinpirole used in the 
Bushnell and Levin (1993) study was increased by approximately 
50% in order to approximate the behavioral effects of a 1.5-mglkg 
dose of amphetamine. 

Procedure 
The twenty-four rats were randomly assigned to one of three 

groups, so that each group consisted of 8 animals. One group of an
imals had quinpirole injections during training (drug trained, DT), 
and another group experienced quinpirole outside of the training 
paradigm (DE). The third group had no experience with quinpirole 
drug prior to testing (DN). Rats were trained 7 days per week be
tween 0800 and 1400 h. 

Training and testing of the animals consisted of four stages: pre
training, two-signal training, seven-signal training, and seven-signal 
testing. During pretraining, several sessions of combined magazine 
and lever training were given. The rats were placed in the chamber 
with both the left and right levers retracted. Each trial commenced 
with the entry of the left or right lever into the chamber. The lever 
remained extended until it was pressed or 60 sec had elapsed, 
whichever occurred first. Either event resulted in delivery of a food 
pellet and retraction of the lever. Pellet delivery produced an audi
ble click, and the light in the magazine was illuminated for 0.5 sec. 
The houselight illuminated the chamber throughout each session. 
After four 60-min sessions, those rats that had not adequately ac
quired the barpressing response were manually shaped to lever
press. Once leverpressing was established, two-signal discrimina
tion training began. 

Quinpirole and/or saline injections began during two-signal 
training and were maintained throughout the remainder of the ex
periment. There were two types of sessions: training/testing sessions 
and exposure sessions. During training/testing sessions, the rats 
were injected, placed in the operant chambers, and presented with 
the stimulus and response contingencies as described below. During 
exposure sessions, the animals were injected, placed in the operant 
test chambers with the levers retracted for 20 min, but not exposed 
to any stimulus or response contingencies. The order of these two 
session types was randomized, with a maximum of 2 consecutive 
days of one type of session. The DN group received saline injections 
30 min prior to the training/testing sessions, as well as prior to the 
exposure sessions. The DE group received saline injections 30 min 
prior to training/testing sessions and quinpirole 30 min prior to ex
posure sessions. The DT group received quinpirole injections 30 min 



prior to training/testing sessions and saline 30 min prior to exposure 
sessions. 

Each session of two-signal training consisted of 50 presentations 
of each signal duration, with a maximum session duration of 
60 min. Half of the rats were trained to press the left lever follow
ing 2-sec offset ofthe houselight (short response) and to press the 
right lever following 8-sec offset of the house light (long response). 
The other half of the rats were trained with the opposite contingencies. 
The right and left levers were counterbalanced for temporal dura
tions across and within groups. A correct response was reinforced 
with a food pellet. An incorrect response initiated a correction pro
cedure. The correction procedure consisted of a 5-sec delay prior to 
a re-presentation of the same signal duration. A correct response 
during a correction trial resulted in delivery of a food pellet, pre
sentation of an intertrial interval (ITI), and progression to the next 
trial. The ITI varied induration (5,10,15,20, or25 sec) within ses
sions. Only the first response choice on each trial was included in 
the recorded data. 

Two-signal training continued until the average accuracy for 
short and long signals was consistently above 80% correct for each 
group. When the discrimination had been acquired, the probability 
of being rewarded for a correct response was reduced to .5. Inter
mittent reinforcement sessions continued until performance stabi
lized, and then seven-signal training began. Two rats in Group DT, 
which received quinpirole during training sessions, were not able to 
meet the 80% accuracy criterion after 84 training sessions and were 
dropped from the study. 

Seven-signal training maintained the same conditions as two-signal 
training sessions, except that (I) each of the two extreme signal du
rations (2 and 8 sec) was presented with a probability of .25 on each 
trial and (2) on the remaining trials, one of five intermediate signal 
durations was presented, each with equal probability (.10). The in
termediate signal durations, as in Meck (1983), were spaced at ap
proximately equal logarithmic intervals between the two signal du
rations used in training (2.6, 3.2, 4.0, 5.0, and 6.4 sec). The rats 
were still rewarded with a probability of.5 for responding correctly 
to the 2- and the 8-sec signal, but responses to either lever follow
ing intermediate signals never resulted in food. During the eight 
sessions of seven-signal training, the drug injections administered 
were the same as those administered during the previous two
signal training sessions. 

Seven-signal testing sessions occurred immediately after the 
eight sessions of seven-signal training. The conditions of seven
signal training were maintained, except that the drug injection con
ditions were reversed. The DT group now received saline injections 
prior to seven-signal test sessions and quinpirole prior to exposure 
sessions. The two groups that had no experience with quinpirole 
during training sessions (DN and DE) now received quinpirole in
jections prior to test sessions. Eight sessions of seven-signal testing 
were given. 

RESULTS 

Acquisition 
Figure I shows the mean percent correct during two

signal training sessions for Groups DN, DE, and DT. Both 
the DN and the DE groups achieved the accuracy crite
rion within 23 sessions of training. Exposure to quinpi
role on nontraining days in Group DE had no effect on 
the speed with which they acquired the temporal dis
crimination or the final level of accuracy achieved. Their 
acquisition functions were the same as Group DN, which 
had no exposure to quinpirole during two-signal training. 
However, exposure to quinpirole during training sessions 
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themselves in Group DT had a substantial effect on the 
speed with which the discrimination was acquired. Tiie 
data for Group DT only shows the data for the 6 rats that 
eventually acquired the discrimination. Overall accuracy 
in Group DT remained below 75% correct, even after 45 
sessions of training. The dose of quinpirole was reduced 
to 0.04 mg/kg on the 46th session of training for Group 
DT, and accuracy improved on subsequent sessions. It is 
unclear whether the rats in this group would have even
tually achieved an accuracy level of 80% without the re
duction in drug dosage. 

Seven-Signal Training and 
Testing for Groups DN and DE 

The mean proportion of long responses are shown in 
Figure 2 as a function of signal duration during the eight 
sessions of seven-signal training and testing for Groups 
DN and DE. An analysis of variance (ANOVA) ofthese 
data, with group as a between-subjects factor and signal 
duration and phase (training vs. testing) as within-subjects 
factors, was conducted. There was no significant effect of 
group or phase (Fs < 1), but there was a main effect for 
signal duration [F(6,84) = 331.85,p < .001]. The three
way interaction of group X phase X signal duration was 
not statistically significant (F < 1). However, the inter
actions of group X signal duration [F(6,84) = 2.77,p < 
.05] and phase X signal duration [F(6,84) = 24.69,p < 
.001] were significant. These two interactions are plotted 
in Figure 3. The group X signal duration interaction oc
curred because Group DE showed a sharper temporal dis
crimination function than did Group DN. This was par
ticularly evident at the shorter signal durations of2.0 and 
2.6 sec, where Group DE made significantly fewer long 
responses than did Group DN [F(1,14) = 5.03 and 5.88, 
ps < .05]. The phase X signal duration interaction was 
due to a flattening of the psychophysical function during 
quinpirole test sessions. At signal durations less than 
4 sec, more long responses occurred during quinpirole 
test sessions than during saline training sessions. At sig
nal durations of 4 sec or more, fewer long responses oc
curred during quinpirole test sessions than during saline 
training sessions. The differences in the proportion of 
long responses between the saline training phase and the 
quinpirole test phase were statistically significant at each 
signal duration [Fs(1,14) = 37.09,28.23, 16.77,5.11, 
10.45, 10.89, and 28.47,ps from <.05 to <.001]. 

PSEs were estimated from the psychophysical func
tions for each rat by conducting linear regressions of the 
proportion of long responses for each of three adjacent 
signal durations. The regression equation with the great
est slope for each rat was used to estimate the PSE by 
calculating the signal duration associated with 50% of the 
long responses. For Group DN, the mean PSE was 3.91 sec 
under saline and 3.97 sec under quinpirole. For Group DE, 
the mean PSE was 3.86 sec under saline and 4.21 sec 
under quinpirole. An ANOVA of the PSE data failed to 
reveal any significant main effects or interactions. The 
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Figure 1. Mean percent correct as a function of sessions during two-signal train
ing for the three experimental groups. The group (DN), trained under saline (with
out exposure to quinpirole), is indicated by the diamonds. The group (DE), trained 
under saline (with exposure to quinpirole), is indicated by the squares. The group 
(DT), trained under quinpirole, is indicated by the closed circles for sessions with 
the O.08-mglkg dosage and by the open circles for sessions with the O.04-mglkg 
dosage. 

overall mean PSE under saline was 3.89 sec, whereas 
under quinpirole it was 4.09 sec. These values are near the 
geometric mean ofthe physical times of the two reinforced 
signals. 

The regression equations were also used to calculate 
difference limens (DL), which represent the average dif
ference between the signal duration associated with 75% 
long responses and the signal duration associated with 
25% long responses. The mean DL was 1.34 sec for Group 
DN and 0.95 sec for Group DE. During training under 
saline, the mean DL was 0.79 sec, whereas during testing 
under quinpirole, it was 1.49 sec. An ANOVA indicated 
a significant main effect of group and phase [F( 1,14) = 
4.83 and l6.l9,p < .05 and .001]. Consequently, Group 
DE displayed greater sensitivity to time than did Group 
DN, and the rats in both groups were more sensitive to time 
when tested under saline than they were under quinpi
role. The group X phase interaction was not statistically 
significant. 

The Weber fraction (WF) was calculated as DLiPSE. 
The mean WFs were 0.34 for Group DN and 0.23 for 
Group DE. During training under saline, the mean WF was 
0.20, whereas, during testing under quinpirole, it was 
0.37. An ANOVA of the WFs produced similar results to 
those obtained for the DLs. Both main effects were sig
nificant [F(1,14) = 11.28 and 6.07, ps < .001 and .05], 
but the interaction was not. These analyses indicate that 
quinpirole affected the quality of the temporal discrimi-

nation (DLs and WFs) without selectively increasing the 
speed of the internal clock (i.e., lowering the PSE). 

Seven-Signal Training and Testing for Group DT 
The mean proportion of long responses as a function 

of signal duration during seven-signal training under quin
pirole and testing under saline are shown in Figure 4. Al
though the main effect of signal duration was statistically 
significant [F(6,30) = 42.11,p < .001], neither the phase 
nor the phase X signal duration interaction was statisti
cally significant. In addition, there was no significant 
difference between training and testing for the PSE, DL, 
or WF. The mean values for the PSE, the DL, and the WF 
was 4.07 sec, 1.44 sec, and 0.36, respectively. These val
ues ofthe PSE, DL, and WF are very similar to those ob
tained during quinpirole test sessions in Group DN and 
Group DE (4.21 sec, 1.49 sec, and 0.37, respectively). 

Additional Analyses 
An additional set of data analyses were conducted, using 

procedures similar to those reported by Meck (1986). 
Choice responses with latencies greater than 3 sec were 
not included, on the assumption that they are not well 
controlled by time. During the saline training phase, 
an average 2.7% of the data for Group DN and 0.3% of 
the data for Group DE were discarded by the 3-sec la
tency cutoff. During the quinpirole test phase, an average 
of 13.8% of the data for Group DN and 8.6% of the data 
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Figure 2. The mean proportion of long responses as a function of signal dura
tion during the eight sessions of seven-signal training and testing for Group DN 
and Group DE. 

for Group DE were discarded. The percentage of trials 
excluded was significantly greater under quinpirole 
than under saline [F(I,14) = 31.49,p < .001]. All ofthe 
analyses conducted on trials that met the latency criterion 
were consistent with the main findings described earlier, 
with two exceptions. The difference between Group 
DN and Group DE at signal durations of 2.0 and 2.6 sec 
was no longer significant. In addition, there was a statis
tically significant increase in the PSE between saline 
training sessions and quinpirole testing sessions in these 
two groups [3.9 vs. 4.2 sec; F(1,14) = 4.79, p < .05]. 
This increase in the PSE would be more consistent with 
quinpirole's decreasing, rather than increasing, clock 
speed. Most importantly, however, even when only those 
trials that met the latency criterion were used, there was 
a significant increase in both the DL [0.78 vs. 1.35 sec; 
F(I,14) = 14.95, P < .001] and the WF [0.19 vs. 0.32; 
F(I,14) = 11.87,p < .001] when the psychophysical func
tions were obtained under quinpirole rather than under 
saline. 

For Group DT, an average of 5.8% of the trials were 
discarded by the latency criterion. However, the results 
of the analyses conducted on these data were the same as 
those reported without discarding any trials. 

DISCUSSION 

Quinpirole disrupted acquisition of the temporal dis
crimination when it was administered during training ses
sions (Group DT) but had no effect on acquisition when it 
was administered outside ofthe training sessions (Group 
DE vs. Group DN). Meck (1983) also found that the rate 

of acquisition of temporal discriminations was lowered 
for those rats trained under the dopamine agonist metham
phetamine. Exactly how quinpirole or other dopamine ag
onists disrupt learning is uncertain. Quinpirole has a va
riety of effects in different species and experimental 
preparations, including affecting processes such as mem
ory (Arnsten, Cai, Steere, & Goldman-Rakic, 1995; Gas
barri et aI., 1997; Packard & McGaugh, 1994), the re
warding effect of brain stimulation (Nakajima & Patterson, 
1997; Ranaldi & Beninger, 1994), and behavioral sensi
tization (Szechtman, Talangbayan, & Eilam, 1993). 

The psychophysical functions obtained under saline 
training conditions in Groups DN and DE had properties 
that were similar to those previously reported (Church & 
Deluty, 1977; Maricq & Church, 1983; Maricq et aI., 
1981; Meck, 1983; Stubbs, 1968). The PSE was approx
imately at the geometric mean of the two reinforced du
rations. In addition, the specific values for the PSE, DL, 
and WF in this study (3.89 sec, 0.79 sec, and 0.21, re
spectively) compare very favorably with those reported by 
Meck (1983) (4.03 sec, 0.85 sec, and 0.21, respectively). 
However, when Groups DN and DE were tested under 
quinpirole, there was no detectable horizontal leftward 
shift in the psychophysical function, which would be ex
pected if the speed of a rat's internal clock had been se
lectively increased by quinpirole. Instead, the psycho
physical functions tended to flatten under quinpirole, 
indicating a loss in the ability to discriminate time that 
could reflect a disruption of attention to temporal sig
nals. This reduction of temporal discrimination accuracy 
was not simply the result of drug novelty, because the 
rats that had experienced quinpirole prior to testing (Group 
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Figure 3. The interaction of group X signal duration (top) and study phase X 
signal duration (bottom) obtained in Group DN and Group DE during training 
with saline and testing with quinpirole. 

DE) were as disrupted as those rats that had no prior drug 
experience (Group DN). Thus, the novelty of quinpirole 
is not an important factor in determining whether it pro
duces a flattening, as opposed to a horizontal, shift in 
psychophysical time functions. 

Just as administration of quinpirole failed to produce 
a significant leftward shift in the psychophysical time 
functions for Groups DN and DE, the shift from quinpi
role to saline injections failed to produce a significant 
rightward shift in the function for Group DT. The shift 
from quinpirole to saline had no significant effect on the 
psychophysical time function at all. In fact, the PSE, DL, 
and WF in Group DT were very similar to those obtained 
during quinpirole test sessions in Group DN and Group 
DE. This indicates that the detrimental effect of quinpi-

role on the perception of time was not attenuated with 
repeated exposure to the drug. 

Although some previous research has provided con
siderable support for the involvement of dopamine in the 
modification of the speed of the internal clock (Maricq 
et aI., 1981; Meck, 1983, 1986; Meck & Church, 1983), 
other studies in both rats and pigeons have failed to pro
duce results consistent with a speeding of the internal 
clock (Lejeune et aI., 1995; Rapp & Robbins, 1976; Santi 
et aI., 1995; Stubbs & Thomas, 1974). Neither proce
dural details nor methods of analysis provide a basis for 
distinguishing between studies that show effects on clock 
rate and those that do not. Drug dosage and type of drug 
can be ruled out, because these parameters were identi
cal in Meck (1983) and Santi et al. Previous exposure to 



·9 
w ... DT-Training- Quinpirole 
C/) 

.8 <>- DT-Testing - Saline Z IJ 
0 
a. {:1' C/) .7 w / 

/ a: / 
/ 

C, .6 P 
z I 

I 

~ I 
/ 

• z . 5 
0 
i= a: .4 
0 a. 
0 

.3 a: 
a. 
Z « .2 w 
:E 

.1 

0 
2.0 2.6 3.2 4.0 5.0 6.4 8.0 

SIGNAL DURATION (SEC) 
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the drug does not seem to be important, for two reasons. 
First, in the present study, prior exposure to the drug was 
manipulated, and no major differences in quinpirole's ef
fect on psychophysical time functions were observed be
tween Group DN and Group DE. Second, Meck and 
Church were able to obtain selective clock effects and no 
attenuation oftemporal control in rats that had no prior ex
posure to methamphetamine. The shift in the psychophys
ical functions that occurred in Meck and Church was 
identical to that which had occurred in a previous study 
(Meck, 1983) in which rats had been given prior exposure 
to methamphetamine. 

The use of a psychophysical testing procedure to assess 
the effects of dopaminergic manipulations also does not 
appear to be a significant factor. Although the current 
psychophysical method was the same as that used by 
Meck (1983) and it produced values for the PSE, DL, and 
WF under saline control conditions that were very similar 
to those previously reported, there was no evidence for a 
dopamine-induced speeding of the internal clock. 

Finally, in the present study, analyses were also con
ducted after eliminating trials on which the response la
tency was greater than 3.0 sec. These analyses were con
sistent with those conducted on the entire data set in 
showing that there was an attenuation oftemporal control 
but no evidence of a speeding of the internal clock. On the 
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basis of the present study and previously published re
search, it appears as if neither the type of drug, the drug 
dosage, prior exposure to the drug, the use of a psycho
physical testing procedure, nor the use of a response la
tency criterion can easily account for the presence or ab
sence of selective clock effects following dopaminergic 
manipulations. 

Two main types of behavioral procedures have been 
used in the study of drug effects and timing in animals: 
the temporal bisection procedure and the peak-interval 
procedure. The temporal bisection procedure was used in 
the present study, and our discussion has focused primar
ily on research that also used this procedure. In the peak
interval procedure, animals are trained on a fixed-interval 
schedule to respond for food after a specified signaled 
interval has elapsed. On test trials, the duration of the sig
nal is extended, and no food is delivered. Research ex
amining the effects of amphetamine (Kraemer, Randall, 
Dose, & Brown, 1997) as well as specific D 1 and D2 ag
onists (Frederick & Allen, 1996) has been successful in 
replicating the decrease in peak time reported by Maricq 
et al. (1981). However, Frederick and Allen (1996) were 
unable to demonstrate that affinity for the D2 receptor was 
related to the decrease in peak time, nor were they able 
to obtain a significant increase in peak time when D 1 and 
D2 antagonists were administered. Because drugs might 
affect processes involved in the behavioral expression of 
timing rather than timing itself, the temporal bisection 
procedure is methodologically preferred over the peak
interval procedure. However, additional research with both 
procedures is needed in order to confidently determine 
whether the dopamine system is directly involved in tim
ing processes. 

There are limitations to the interpretation of the pre
sent results that require some comment. First, the con
clusions are based on the use of a single dose of quinpi
role (0.08 mklkg). Although this dose appears to alter the 
accuracy of timing generally, without selectively alter
ing the speed of the internal clock, it is possible that dif
ferent doses of quinpirole might alter clock speed. If such 
a dose could be found, it would be worthwhile to train 
animals with different training durations in order to de
termine whether a proportional shift in the timing func
tion occurs. Second, the inability of quinpirole to produce 
a selective clock effect does not rule out an effect of do
pamine on clock speed. Although clock speed can be de
creased by selective D2 antagonists, it may be that clock 
speed can only be increased by drugs, such as ampheta
mine, that activate both D 1 and D2 receptors. In addition, 
the clock rate-increasing effects of drugs such as am
phetamine may be observed in some but not all of the pro
cedures used to study temporal discriminations in animals. 

In summary, the present findings are not consistent with 
the hypothesis that the speed of the internal clock is se
lectively affected by D2 dopaminergic agonists. Prior ex
posure to quinpirole does not appear to be a critical vari
able in the failure to observe a selective adjustment ofthe 
internal clock. Quinpirole appears to reduce attention to 
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temporal signals and to reduce the accuracy of temporal 
discriminations without altering the speed of the internal 
clock. 

REFERENCES 

ARNSTEN, A. F. T., CAl, J. x., STEERE, 1. c., & GOLDMAN-RAKIC, P. S. 
(1995). Dopamine D2 receptor mechanisms contribute to age-related 
cognitive decline: The effects of quinpirole on memory and motor 
performance in monkeys. Journal of Neuroscience, IS, 3429-3439. 

BUSHNELL, P. J., & LEVIN, E. D. (1993). Effects ofdopaminergic drugs 
on working and reference memory in rats. Pharmacology, Biochem
istry & Behavior, 45, 765-776. 

CHURCH, R. M. (1984). Properties of the internal clock. In 1. Gibbon & 
L. Allen (Eds.), Timing and time perception (Annals of the New York 
Academy of Sciences, Vol. 423, pp. 566-582). New York: New York 
Academy of Sciences. 

CHURCH, R. M., & DELUTY, M. Z. (1977). Bisection of temporal inter
vals. Journal of Experimental Psychology: Animal Behavior Pro
cesses, 3, 216-228. 

FETTERMAN, J. G. (1995). The psychophysics of remembered duration. 
Animal Learning & Behavior, 23, 49-62. 

FREDERICK, D. L., & ALLEN, J. D. (1996). Effects of selective dopamine 
D I and D2 agonists and antagonists on timing performance in rats. 
Pharmacology, Biochemistry & Behavior, 53, 759-764. 

GASBARRI, A., SULLI, A., PACITTI, C., PuGLISI-ALLEGRA, S., CABIB, S., 
CASTELLANO, C., INTROINI-COLLISON, I., & MCGAUGH, J. L. (1997). 
Strain-dependent effects of D2 dopaminergic and muscarinic
cholinergic agonists and antagonists on memory consolidation pro
cesses in mice. Behavioral Brain Research, 86, 97-104. 

KRAEMER, P. 1., RANDALL, C. K., DoSE, J. M., & BROWN, R. W. (1997). 
Impact of d-amphetamine on temporal estimation in pigeons tested 
with a production procedure. Pharmacology, Biochemistry & Be
havior, 58, 323-327. 

LEJEUNE, H., HERMANS, I., MOCAER, E., RETTORI, M., POIGNANT, J. C., 
& R!CHELLE, M. (1995). Amineptine, response timing, and time dis
crimination in the albino rat. Pharmacology, Biochemistry & Behav
ior, 51,165-173. 

MARICQ, A. v., & CHURCH, R. M. (1983). The differential effects of 
haloperidol and methamphetamine on time estimation in the rat. Psy
chopharmacology,79,10-15. 

MARICQ, A. V., ROBERTS, S., & CHURCH, R. M. (1981). Methampheta
mine and time estimation. Journal of Experimental Psychology: An
imal Behavior Processes, 7,18-30. 

MECK, W. H. (1983). Selective adjustment of the speed of internal clock 
and memory processes. Journal of Experimental Psychology: Ani
mal Behavior Processes, 9,171-201. 

MECK, W. H. (1986). Affinity for the dopamine D2 receptor predicts 
neuroleptic potency in decreasing the speed of an internal clock. 
Pharmacology, Biochemistry & Behavior, 25, 1185-1189. 

MECK, W. H. (1996). Neuropharmacology of timing and time percep
tion. Cognitive Brain Research, 3, 227-242. 

MECK, W. H., & CHURCH, R. M. (1983). A mode control model of 
counting and timing processes. Journal of Experimental Psychology: 
Animal Behavior Processes, 9, 320-334. 

NAKAJIMA, S., & PATTERSON, R. L. (1997). The involvement of dopa
mine D2 receptors, but not D3 or D4 receptors, in the rewarding ef
fect of brain stimulation in the rat. Brain Research, 760, 74-79. 

PACKARD, M. G., & McGAUGH, 1. L. (1994). Quinpirole andd-amphetarnine 
administration posttraining enhances memory on spatial and cued dis
criminations in a water maze. Psychobiology, 22, 54-60. 

PACKARD, M. G., & WHITE, N. M. (1989). Memory facilitation produced 
by dopamine agonists: Role of receptor subtype and mnemonic re
quirements. Pharmacology, Biochemistry & Behavior, 33, 511-518. 

RANALDI, R., & BENINGER, R. 1. (1994). The effects of systemic and in
tercerebral injections ofDI and D2 agonists on brain stimulation re
ward. Brain Research, 651, 283-292. 

RApp, D. L., & ROBBINS, T. W. (1976). The effects of d-amphetamine on 
temporal discrimination in the rat. Psychopharmacology, 51, 91-100. 

SANTI, A., WEISE, L., & KUIPER, D. (1995). Amphetamine and memory 
for event duration in rats and pigeons: Disruption of attention to tem
poral samples rather than changes in the speed of the internal clock. 
Psychobiology, 23, 224-232. 

SPETCH, M. L. (1987). Systematic errors in pigeons' memory for event 
duration: Interaction between training and test delay. Animal Learn
ing & Behavior, 15,1-5. 

STUBBS, [D.] A. (1968). The discrimination of stimulus duration by pi
geons. Journal of the Experimental Analysis of Behavior, 11, 223-238. 

STUBBS, D. A., & THOMAS, J. R. (\ 974). Discrimination of stimulus du
ration and d-amphetamine in pigeons: A psychophysical analysis. 
Psycho pharmacologia, 36, 313-322. 

SZECHTMAN, H., TALANGBAYAN, H., & EILAM, D. (\993). Envirornnen
tal and behavioral components of sensitization induced by the dopa
mine agonist quinpirole. Behavioural Pharmacology, 4, 405-410. 

(Manuscript received December 4, 1997; 
revision accepted for publication May 13, 1998.) 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




