International Journal of Neuropsychopharmacology (2021) 24(9): 721-733

doi:10.1093/ijnp/pyab032
Advance Access Publication May 28, 2021
Regular Research Article

REGULAR RESEARCH ARTICLE

Task-Dependent Effects of SKF83959 on Operant
Behaviors Associated With Distinct Changes of
CaMKII Signaling in Striatal Subareas

Pei-Pei Liu, Chih-Chang Chao, Ruey-Ming Liao

Department of Psychology (Ms Liu and Dr Liao); Institute of Neuroscience and Research Center for Mind, Brain
and Learning (Drs Chao and Liao); National Cheng-Chi University, Taipei, Taiwan (Ms Liu, Drs Chao, and Liao)

Correspondence: Chih-Chang Chao, PhD, Institute of Neuroscience (chaocc@nccu.edu.tw) and Ruey-Ming Liao, PhD, Department of Psychology, National
Cheng-Chi University, 64, Sec. 2, Zhinan Road, Taipei City 116011, Taiwan (rmliao@nccu.edu.tw).

Abstract

Background: SKF83959, an atypical dopamine (DA) D1 receptor agonist, has been used to test the functions of DA-related
receptor complexes in vitro, but little is known about its impact on conditioned behavior. The present study examined the
effects of SKF83959 on operant behaviors and assayed the neurochemical mechanisms involved.

Methods: Male rats were trained and maintained on either a fixed-interval 30-second (FI30) schedule or a differential
reinforcement of low-rate response 10-second (DRL10) schedule of reinforcement. After drug treatment tests, western blotting
assayed the protein expressions of the calcium-/calmodulin-dependent protein kinase II (CaMKII) and the transcription factor
cyclic AMP response element binding protein (CREB) in tissues collected from 4 selected DA-related areas.

Results: SKF83959 disrupted the performance of FI30 and DRL10 behaviors in a dose-dependent manner by reducing the
total number of responses in varying magnitudes. Moreover, the distinct profiles of the behavior altered by the drug were
manifested by analyzing qualitative and quantitative measures on both tasks. Western-blot results showed that phospho-
CaMKII levels decreased in the nucleus accumbens and the dorsal striatum of the drug-treated FI30 and DRL10 subjects,
respectively, compared with their vehicle controls. The phospho-CREB levels decreased in the nucleus accumbens and the
hippocampus of drug-treated FI30 subjects but increased in the nucleus accumbens of drug-treated DRL10 subjects.
Conclusions: Our results provide important insight into the neuropsychopharmacology of SKF83959, indicating that the drug-
altered operant behavior is task dependent and related to regional-dependent changes of CaMKII-CREB signaling in the
mesocorticolimbic DA systems.

Keywords: Atypical dopamine receptor agonist, dorsal striatum, neurochemical mechanism, nucleus accumbens,
schedule-controlled behavior

Introduction

Dopamine (DA) transmission plays a critical role in motivation
and relevant behavioral processes (Phillips et al., 2008; Haber
and Knutson, 2010; Salamone and Correa, 2012; Lammel et al.,
2014; Bamford et al., 2018). While the perturbation of DA neuro-
transmission is implicated in the development of psychiatric

disorders (Salamone et al., 2015; Grace 2016), the underlying
neural mechanisms remain to be elucidated. To specifically
probe the dopaminergic involvement in certain features of
motivated behavior, the operant behavioral paradigms pro-
vide well-adopted animal models to determine the effects of
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Significance Statement

We examined the effects of SKF83959, an atypical dopamine receptor agonist, on operant behaviors and the protein expressions
of CaMKII and CREB in male rats. Acute SKF83959 dose-dependently reduced the response-related measures of the FI30 and
DRL10 tasks in varying magnitudes. The task-dependent effects were further explored through the qualitative and quantitative
analyses of inter-response-time data. In contrast to its effects on operant behavior, SKF83959 did not affect spontaneous loco-
motor activity, thereby indicating the presence of different neurobiological substrates underlying locomotion and lever pressing.
The examination of protein phosphorylation changes due to SKF83959 showed task- and brain region-dependent patterns. The
levels of phospho-CaMKII and phospho-CREB in the dorsal striatum and nucleus accumbens were correlated with either or both
of the operant behaviors altered by the drug. These results elucidated the behavioral and neurochemical effects of SKF83859,
which may contribute to the development of dopaminergic drugs for motivational/cognitive control-related disorders.

drug treatment in preclinical research (Sanger and Blackman,
1989; van Haaren, 1993). Here, we focused on 2 timing-relevant
operant behaviors, including a fixed-interval (FI) schedule and a
differential reinforcement of low-rate response (DRL) schedule.
Despite the common timing process, operant behavior per-
formed on FI task was distinctively different from that pre-
formed on DRL task (Ferster and Skinner, 1957). FI behavior
displays a higher response rate than DRL behavior because
the latter requires behavioral inhibition. As suggested by the
principle of response rate dependency in behavioral pharma-
cology (Dews, 1955), the effectiveness of a particular drug on
behavior could be dependent on the baseline response rate in
the absence of that drug. In the present study, we applied these
2 operant behavior tasks to evaluate SKF83959, an atypical DA
receptor agonist.

SKF83959, a phenylbenzazepine derivative, has been shown to
act as a partial agonist on D1-like DA receptors (Neumeyer et al.,
2003). Behavioral characteristics of D1 receptor activation, such
as grooming, vertical jaw movements, incisor chattering, and
contralateral rotations, were induced by SKF83959 in rats with
unilateral 6-hydroxydopamine lesions (Downes and Waddington,
1993; Deveney and Waddington, 1995; Gnanalingham et al., 1995;
Panchalingam and Undie, 2001; Makihara et al., 2007). However,
biochemically, SKF83959 exhibited antagonist-like effects on DA
receptors via the failure to stimulate adenylyl cyclase activity
and inhibition of DA-induced adenylyl cyclase activity (Arnt
et al., 1992). Panchalingam and Undie (2001) reported an induc-
tion of phospholipase C-mediated phosphoinositide (PI) hy-
drolysis in rat and monkey brain slices on SKF83959 treatments;
hence, SKF83959 could act on the PI-linked D1-like receptors
(Undie and Friedman, 1990; Undie et al., 1994). More recently,
the PI-linked signaling unit was hypothesized to be composed
of heterodimerized D1-D2 receptors, which can be activated
by SKF83959 to stimulate G ,, proteins with phospholipase
C-mediated PI hydrolysis and then the release of intracellular
calcium followed by the activation of the calcium-/calmodulin-
dependent protein kinase II (CaMKII) (George and O’Dowd, 2007;
Rashid et al., 2007; Hasbi et al., 2010; but see Chun et al., 2013).
Along with research that probes the neurochemical actions of
SKF83959, a number of studies examined the effects of this com-
pound on rat behavior, including acoustic startle reflex (Zhang
et al., 2005), eye blinking (Desai et al., 2007), maternal behavior
(Stolzenberg et al., 2010), locomotor activity (Cools et al., 2002;
Zhang et al., 2007; Perreault et al., 2010), stimulant-induced
locomotor sensitization (Shen et al., 2015b; Hasbi et al., 2018),
anxiety-like response (Shen et al., 2015a; Hasbi et al., 2020a), and
DA drug-induced dyskinesia (Zhang et al., 2007). The behavioral
data of SKF83959 were also reported in primates (e.g., Platt et al.,
2000). These abovementioned studies used the unconditioned
behavioral models, but the behavioral effects of SKF83959 on the
instrumental/operant conditioning paradigm have rarely been
examined. Accordingly, this study was designed to investigate

the effects of SKF83959 on FI and DRL schedule-controlled be-
haviors (Experiment 1). Considering the potential involvement
of the D1-D2 receptor heteromer signaling linked with drug-
altered operant behaviors, the expressions of the CaMKII and
the transcription factor cyclic AMP response element binding
protein (CREB) were analyzed by western blot to examine the
neurochemical effects of SKF83959 treatment (Experiment 2).
The brain regions of interest were the prefrontal cortex (PFC),
dorsal striatum (DS), nucleus accumbens (NAc), and dorsal
hippocampus (Hippo). A separate group of rats was used to test
the dose effects of SKF83959 on spontaneous locomotor activity
(Experiment 3) to verify whether the manifestation of drug ef-
fect depended on different behavioral paradigms (i.e., locomo-
tion vs operant).

Methods

Subjects

Male Wistar rats (BioLASCO Taiwan Co., Ltd) weighing ap-
proximately 250 g on receipt were the subjects. The rats were
housed in a temperature-controlled colony (23+1°C) under a
12-h-light/-dark cycle (light on at 7:30 am). After 10 days of ac-
climatization to the food and water provided ad libitum and
being handled daily, the rats for operant training and test
were maintained on a water-restriction regimen. That is, the
rats had 5-15 minutes of access to tap water in the home cage
30 minutes after the end of each daily experimental session.
Food pellets were always available in each home cage. A water-
restriction regimen was also applied to the rats used in the
locomotor activity test. All procedures were conducted in ac-
cordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals and were approved by the
institutional committee of animal use and care of National
Cheng-Chi University.

Apparatus

Operant behavioral measures were conducted using a
custom-made operant system with 4 chambers. The interior di-
mensions of each chamber were 20 x 25x 30 cm?® (Med Associates,
St. Albans, VT, USA). The interior design of the operant chamber
and its equipped parts were the same as previously reported
(e.g., Liao and Cheng, 2005; Cheng et al., 2006). The 4 operant
chambers were serviced and controlled by a microcomputer
with an in-house-designed program to control the operant en-
vironment and to allow data collection.

A locomotor activity test was conducted in an assembly
of 4 identical black acrylic boxes (45x45x36 cm?® each).
A charge-coupled device camera was installed above the center
of the assembly at a height of 52 cm from the ground. The
camera was connected to a desktop computer in which the



distance travelled by the rats was recorded using a commercial
software (SINGA Real-Time Trace System, Taiwan).

Drugs

SKF83959 hydrobromide (Tocris Bioscience) was dissolved in the
vehicle containing 10% ethanol. The drug was i.p. injected at
a volume of 1 mL/kg of body weight. Drug administration was
conducted 30 minutes before the start of the behavioral session.
The doses and pretreatment time chosen were referred to pre-
vious studies (Zhang et al., 2005; Desai et al., 2007).

Training of FI30 and DRL10 Behaviors

The water-deprived rats were subjected to magazine training,
during which they learned to associate water with the metal re-
ceiving dish. Then, the rats were run for 3 daily sessions (30 min-
utes each) of shaping by pressing a lever to acquire the water
reinforcer based on the fixed-ratio 1 schedule of reinforcement.
All rats were able to make at least 65 lever presses in a 30-mi-
nute training session, thereby meeting the criterion of this stage.
The rats were then randomly assigned into separate groups for
training in either the FI (n=12) or DRL (n=12) task.

In the FI task, the reinforcer was contingent to the first
lever press made after the time interval since the previous re-
inforcer. Lever presses during the time interval had no reinforce-
ment contingencies. Rats in the FI group began daily training
under 1-hour sessions of the FI 10-second schedule for 10 days
before shifting to daily 30-minute training sessions under FI
30-second schedule (FI30) for 25 days. The average number of
total responses reached 600 per day in the last 3 days of FI30
training, which was the criterion of baseline performance before
the commencement of the pharmacological test sessions. In the
DRL task, the rats had to wait a specified interval in seconds be-
tween lever presses to obtain the reinforcer. Any response made
before the criterion time would reset the DRL clock, and no re-
inforcer was obtained. The rats in the DRL group were trained
by hourly sessions of the DRL 10-seconds (DRL10) schedule
for 10 days followed by daily 30-minute training sessions for
25 days. The testing of drug-induced performance began when
the average number of total responses reached 200 per day in
the last 3 days of training.

Procedures

In Experiment 1, the dose effects of SKF 83959 on the behavioral
performance of FI30 and DRL10 schedules were evaluated when
the rats acquired a stable baseline performance in the operant
tasks. One rat in the DRL10 group did not meet the baseline cri-
terion and was excluded from the drug test. The treatments of
SKF83959 at 0, 0.01, 0.1, and 1.0 mg/kg were applied in a within-
subject design in the FI30 (n=12) and DRL10 (n=11) groups. The
dose order was counterbalanced using a Latin square design
tested for 4 days consecutively. The duration of the behavioral
test was 30 minutes for each drug or vehicle treatment.
Experiment 2 was conducted to investigate the behavioral and
neurochemical effects of SKF83959. The rats from Experiment 1
underwent 6 days of retraining on respective tasks to return to
the stable baseline. The rats in the FI30 and DRL10 groups were
then divided to receive either the vehicle (n=6 in the FI30 group
and n=>5 in the DRL10 group) or the 1-mg/kg dose of SKF83959
(n=6 for each for FI30 and DRL10) in a between-subject design.
The rats in the FI30 group that made less than 3 lever presses
in Experiment 1 (#15, 17, 20, 21, and 23; supplementary Table 1)
were randomly distributed to the vehicle group (#17, 21, and
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23) and the drug treatment group (#15 and 20). The rat in the
DRL10 group that made no lever presses in Experiment 1 (#3;
supplementary Table 1) was placed into the vehicle group in
Experiment 2. In the subject assignment, no significant differ-
ences were found in the baseline of total responses between
groups before the drug injections in Experiment 2. The vehicle
group made 562+98 responses, and the experimental group
made 565+53 responses in the FI30 schedule (F=0.0008, P>.05).
And the vehicle group made 195+9 responses while the experi-
mental group made 193+21 responses in the DRL10 schedule
(F=0.0099, P>.05). The procedures of the drug test on operant be-
haviors were the same as those described in Experiment 1. After
the behavior test, the rats were decapitated to remove the brain,
which was dissected on an ice-cold plate. The tissues of the PFC,
NAc, DS, and Hippo were collected using a micro-punch, treated
with liquid nitrogen, and stored in a —-80°C freezer until used for
western-blot analysis (see below).

In Experiment 3, a separate batch of naive rats following the
adaptation of the water-restriction regimen was divided into 3
groups receiving 0, 0.5, or 1.0 mg/kg of i.p. SKF83959 injection
(n=5 each) to evaluate the effects of SKF83959 on spontaneous
locomotor activity. After the respective drug injection, rats were
placed in their holding cages in the behavioral test room for 30
minutes and then placed into open field boxes for the 30-minute
locomotor activity test. The total travel distance was recorded in
5-minute intervals.

Western Blotting

The collected brain tissues were homogenized with a
radioimmunoprecipitation buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA),
and 1% octylphenoxy poly(ethyleneoxy)ethanol (IGEPAL
CA-630)) with Protease Inhibitor Cocktail Set I and the Protein
Phosphatase Inhibitor Cocktail Set IV (Calbiochem). Equal
amounts of lysate samples (20 pg protein) were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis and then transferred to polyvinylidene difluoride mem-
branes (Millipore). The polyvinylidene difluoride membranes
were incubated with 2% bovine serum albumin (BSA) in Tris-
buffer solution with 0.05% Tween 20 and then with 1 of the
following primary antibodies: anti-phospho-CaMKII (Upstate),
anti-CaMKII (Millipore), anti-phospho-ser133-CREB (Millipore),
anti-CREB (Millipore), or anti-f-actin (Millipore). Horseradish
peroxidase-conjugated secondary antibody (Perkin Elmer) was
used for all western-blot assays. The membrane was detected
with chemiluminescent horseradish peroxidase substrate
(Millipore) to visualize the protein bands, which were quantified
by NIH Image J software.

Statistical Analysis

In the DRL10 behavioral measurement, each lever press was
classified in terms of its associated inter-response time (IRT; the
time in milliseconds elapsed since the prior response). The re-
sulting dataset on IRT was grouped and plotted into a distribu-
tion that consisted of response frequencies for 21 consecutive
1-second time bins. Six dependent variables were studied for
quantitative analyses, as follows: (1) number of total responses,
(2) number of reinforced responses, (3) number of nonreinforced
responses, (4) number of burst responses, (5) peak rate, and (6)
peak time. The first 3 measures were simple frequency meas-
ures of the response maintained by the DRL procedure that can
only report more or less response in rats under different dose
treatments. The burst responses were summed frequencies of
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IRTs that were<2 seconds (bins 1 and 2, as shown in IRT dis-
tribution curves of figures). The peak time and peak rate were
calculated from de-burst IRTs (IRT>2 sec), in which a moving
average based on 4 consecutive 1-second bins with 1-second
step size was applied to smoothen the distribution. With the
maximum frequencies of a 4-second epoch identified, the peak
time was the average value (in milliseconds) of all IRTs that fell
within those 4 bins (i.e., the maximal epoch). The measure of
peak time indicates the time point at which the rats pressed
the lever with the highest IRT frequency, thus reflecting the rats’
expected criterion time of the reward in the DRL procedure. The
peak rate was calculated from the summed response frequency
in those 4 bins divided by 4, thus rendering a unit of responses
per sec for peak rate. The smoothing procedure can prevent an
abrupt frequency response change in the IRT distribution, espe-
cially when the frequency of response is low due to the nature
of the DRL procedure; and this smoothing procedure has been
used previously (e.g., Chiang et al., 2015).

In the FI30 behavioral measurement, the total number of re-
sponses and the number of reinforcers were analyzed in add-
ition to the IRT distribution within a 30-second interval. The
post-reinforcement pause (PRP) represented the duration of the
first response made within a 30-second interval starting from the
time point of the preceding reinforcement. The FI schedule PRP
refers to the duration of time lapse from receiving a reinforcer
to making the next lever press in the following interval. The PRP
was chosen over other measures, such as the quarter-life and
index of curvature, based on the following considerations: (1) a
highly positive correlation being found among these 3 measures
(Gollub, 1964; Dukich and Lee, 1973), and (2) the PRP represented
a better measure for reflecting the subject’s capability of behav-
ioral inhibition under FI schedule (Staddon, 1969), since the in-
hibition component is essential in performing the DRL behavior.

Few rats appeared to be low-responsive or balking their
operant response on the administration of 1.0 mg/kg SKF 83959
(see supplementary Table 1). Cases of such low responses (<5
total responses) were still included in the behavior analysis,
because the exclusion of these cases in notable numbers may
introduce bias to the results. Hence, all of the actual numbers
were used in analyzing response-based indexes, but the group
mean was substituted in the cases of missing data in other
indexes as follows: PRP in the FI30 task, and peak time and peak
rate in the DRL10 task.

The data are presented in mean+SEM and were analyzed
with ANOVA using Statistica (version 7.1, StatSoft). Post-hoc
comparisons were conducted using Tukey’s honestly significant
difference test with a significance level of P<.05. Bivariate cor-
relations between behavioral measures and protein results were
conducted using SPSS (version 16.0, SPSS Inc.).

Results

Experiment 1

The dose effects of SKF83959 on FI30 behavior are illustrated in
Figure 1. The FI30 rats exhibited a dose-dependent decrease in
response rates on the 30-second interval IRT curve as they re-
ceived higher doses of SKF83959 injections (Figure 1A). One-way
ANOVA showed that drug dose had significant effects on the
numbers of total responses [F(3,33)=32.95, P<.001, reinforced
responses, F(3,33)=22.51, P<.001] and the duration of PRP
[F(3,33)=26.11, P<.001]. As indicated by post-hoc test, the rats
emitted significantly fewer numbers of total responses when
they were injected with SKF83959 at the medium dose (0.1 mg/
kg; P<.01) and high dose (1.0 mg/kg; P<.001) (Figure 1B). The rats
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Figure 1. Dose effects of SKF83959 on fixed-interval 30-second schedule (FI30)
behavior (Experiment 1) as measured by: inter-response time (IRT) distribution
with the 30-second interval (A), total number of responses (B), the number of
reinforced responses (C), and the duration of post-reinforcement pause (PRP).
Asterisks denote significant differences between the indicated dose treatment
and the vehicle control by post hoc tests: **P<.01, **P<.001.

also showed significantly fewer numbers of reinforced responses
on high-dose SKF83959 administration (1.0 mg/kg; P<.001;
Figure 1C); their durations of PRP were significantly increased
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after injections with medium- and high-dose SKF83959 (P<.01
and P<.001, respectively) (Figure 1D). As noted in supplementary
Table 1, 3 of the 12 rats tested had completely ceased to respond
on the lever during the test session on 1.0-mg/kg SKF83959 ad-
ministrations, while an additional number of 2 rats emitted <2
lever presses during the session after high-dose injection.

The rats trained under DRL10 similarly showed a dose-
dependent decrease in response rates on the IRT curve with
higher doses of SKF83959 injections, while the peak time re-
mained relatively in place (Figure 2A). One-way ANOVA found the
drug dose to have significant effects on 3 of the 4 response-based
indexes, including the numbers of total responses [F(3,30)=4.53,
P<.01] (Figure 2B), reinforced responses [F(3,30)=3.49, P<.05]
(Figure 2C), and non-reinforced responses [F(3,30)=3.49, P<.05]
(Figure 2D). Post-hoc tests revealed that the total responses, re-
inforced responses, and non-reinforced responses significantly
decreased when the rats were treated with high-dose SKF83959
(all P<.05). The number of burst responses was not affected by
SKF83959 (P>.05) (Figure 2E). The peak rate was significantly af-
fected by the doses of SKF83959 [F(3,30)=6.58, P<.01] (Figure 2F).
Post-hoc test showed a significant decrease of peak rate under
high-dose SKF83959 injection (P<.01). The peak time was un-
affected by SKF83959 administrations (Figure 2G). During the
DRL test, 1 of the 11 rats emitted no responses on high-dose
SKF83959 injection (supplementary Table 1).

Experiment 2

The results of Experiment 2 are presented in 2 parts: behavioral
pharmacology and western-blot assay. Table 1 shows the effects
of 1 mg/kg SKF83959 on FI30 and DRL10 behavior, which repli-
cated the findings of Experiment 1 to a greater extent. Compared
with the vehicle group of FI30, the SKF83959-treated rats had
a significant decrease of total responses, [F(1,10)=23.49, P<.001]
and reinforced responses [F(1,10)=16.12, P<.01]. The drug-
treated rats exhibited significantly increased durations of PRP
[F(1, 10)=18.53, P<.01]. One of the 6 rats in the drug treatment
group emitted no responses on SKF83959 injection. Regarding
the DRL10 task, the drug-treated rats showed significantly de-
creased total responses [F(1,9)=7.51, P<.05], non-reinforced re-
sponses [F(1,9)=7.95, P<.05], and burst responses [F(1,9)=11.83,
P<.01]. The decreasing trend in the numbers of reinforced re-
sponses did not reach statistical significance (P>.05). While
SKF83959-treated rats exhibited significantly lowered peak rates
[F(1,9)=6.00, P<.05], the peak time was unaffected by drug treat-
ment. One of the 6 rats in the drug group in either the FI30 or
DRL10 task did not respond on SKF83959 injection (supplemen-
tary Table 1).

Figure 3 illustrates the effects of SKF 83959 on the protein ex-
pression of CaMKII in the 4 specified brain regions of rats from
the FI30 and DRL10 groups, respectively. For the FI30 task, a sig-
nificant decrease in phospho-CaMKII (pCaMKII) protein level
was found in the NAc of SKF83959-treated rats compared with
that of the vehicle-treated rats [F(1,10)=8.14, P<.05], while there
was no significant difference in the PFC, DS, or Hippo between
the SKF83959- and vehicle-treated rats. Meanwhile, a slight de-
crease in the total CaMKII protein level was also observed in
the NAc, whereas a significant increase was found in the Hippo
of the SKF 83959-treated rats compared with the vehicle group
[F(1,10)=13.29, P<.01], thus reflecting only a significant decrease
in the pCaMKII/CaMKII ratio in the Hippo of SKF83959-treated
rats compared with the vehicle-treated rats [F(1,10)=9.14, P<.05].

For the DRL10 task, a significant decrease in the pCaMKII
protein level was found in the DS of the SKF83959-treated rats
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compared with that of the vehicle group [F(1,7)=5.75, P<.05],
but no significant difference was observed in the PFC, NAc,
and Hippo between the SKF 83959- and vehicle-treated rats.
Regarding the total CaMKII protein level, a significant de-
crease were found in the DS (F[1,8]=10.09, P<.05) and Hippo
(F[1,8]=5.72, P<.05) of the SKF83959-treated rats compared
with the vehicle-treated rats, reflecting no significant differ-
ence in the pCaMKII/CaMKII ratio between the SKF83959- and
the vehicle-treated rats.

Regarding the CREB protein expression (Figure 4), for the FI30
task, a significant decrease in phospho-CREB (pCREB) protein
level was found in the NAc (F[1,10]=6.60, P<.05) and Hippo
(F[1,10]=19.08, P<.01) of SKF83959-treated rats compared with
that of the vehicle-treated rats. In terms of total CREB protein
level, there was a significant decrease in the NAc (F[1,10]=7.76,
P<.05) and Hippo (F[1,10]=6.97, P<.05) of SKF83959-treated rats
compared with that of the vehicle-treated rats. However, the
pCREB/CREB ratio only significantly decreased in the Hippo of
SKF83959-treated rats compared with the vehicle-treated rats
[F(1,10)=5.22, P<.05].

For the DRL10 task, a significantly higher pCREB protein
level was only found in the NAc of the SKF83959-treated rats
compared with the vehicle-treated rats [F(1,9)=14.03, P<.01].
Regarding the total CREB protein level, there were no signifi-
cant differences across the examined brain regions between the
SKF83959 and vehicle treatments. And the pCREB/CREB ratios
revealed significant increases in the PFC (F[1,9]=12.51, P<.01)
and NAc (F[1,9]=6.75, P<.05) of the SKF83959-treated rats com-
pared with the vehicle-treated rats.

Regarding the correlational analysis, on the behavioral level,
the administration of SKF83959 was found to be negatively cor-
related with the numbers of total responses on both of the FI30
[r(10)=-0.838, P<.01] and DRL10 [r(9)=-.674, P<.05] groups. On
the protein level, correlation analyses were conducted between
the levels of the pCaMKII and pCREB across brain regions under
the assumption that the acute administration of SKF 83959 af-
fected protein phosphorylation in the brief time period before
tissues were collected. In the DS, the levels of pCaMKII and
PCREB were positively correlated in the FI [r(10)=0.702, P<.05]
and DRL [r(9)=0.725 P<.05] groups. In the NAc of the FI30 group,
the levels of pCaMKII and pCREB were positively correlated with
each other [r(10)=0.690, P<.05]. In the NAc of the DRL10 group,
the levels of pCaMKII and pCREB were positively correlated with
each other [r(10)=0.883, P<.01]. In the PFC and Hippo, no signifi-
cant correlation between pCaMKII and pCREB was detected in
either the FI30 or DRL10 group.

Experiment 3

The dose effects of SKF83959 on spontaneous locomotor activity
are shown in Figure 5. In the top panel, for the within-session
analysis, there was only a significant main effect of blocks on
locomotor activity [F(5,60)=89.3, P<.001]. Despite a trend of
dose-related increment visualized in blocks 2-5, neither the dose
effect nor the interaction test was significant [F(2,12)=1.148,
P=.350] and [F(10,60)=1.131, P=.355], respectively. A lack of sig-
nificant dose effect of SKF83959 on locomotor activity was also
confirmed by the total distance measured in the 30-minute test
(P>.05; bottom panel).

Discussion

The present study is the first, to our knowledge, to evaluate the
effects of SKF83959 on timing-relevant operant behaviors (i.e.,
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*P<.05,"P<.01.

maintained on FI and DRL schedules) in rats. The drug is more
potent in affecting FI30 behavior than DRL10 behavior in terms
of the dose effect on total responses. Compared with the vehicle,
the acute administration of SKF83959 at 1.0 mg/kg reduced the

total responses on the FI30 schedule by approximately sixfold
and decreased that on the DRL10 schedule by approximately
twofold. The results highlight task-dependent differences in
operant response to the FI and DRL schedules of reinforcement.



Table 1. Effects of 1 mg/kg SKF83959 on FI30 and DRL10 behavior (Ex-
periment 2: behavioral pharmacology)

SKF83959
FI30 behavior Vehicle control (1 mg/kg)
Total responses 618+83 101+67***
Reinforced responses 57+1 24+8™
PRP (sec) 20.7+1.2 37.4+3.7%
DRL10 behavior
Total responses 187+19 77 £33*
Reinforced responses 74+5 43+16
Non-reinforced responses 112+17 34+21*
Burst responses 235 5+3*
Peak rate 26.0+3.5 11.2+4.7*
Peak time 9.7+0.4 10.1+0.4

*P<.05, *P<.01, **P<.001 (compared with vehicle control).

In primates, Platt et al. (2000) reported that SKF83959 injections
dose-dependently reduced the operant response rates on a FI
3-minute shock termination task; the administration of 0.3 mg/
kg SKF83959 reduced the response rates by nearly twofold com-
pared with the control, whereas that of 3.0 mg/kg SKF83959
almost completely diminished the response rates. These data
are consistent with our findings on the response rate reduction
on the FI30 schedule in appetitive conditioning. As an index to
verify the acquisition of FI behavior, the PRP duration of rats
trained on the present FI30 schedule was increased from a few
seconds (e.g., 2-3 seconds) at the beginning of training to a dur-
ation of approximately 20 seconds later in a stable performance,
compatible with the notion that PRP increased with increasing
durations of FI schedules (Chung and Neuringer, 1967; Shull,
1970). The SKF83959-prolonged PRP on the FI30 schedule was
consistently observed in Experiments 1 and 2, indicating that
the drug may reduce the subject’s intrinsic interference with the
sense of duration with regard to reinforcement contingency. The
measure of PRP or the latency to the first response made during
the interval is an important empirical referent of the temporal
control involved in the performance of FI behavior (Daniels and
Sanabria, 2017). Moreover, the involvement of DA-subtyped re-
ceptors in FI schedule-controlled behavior using typical natural
reinforcer has been demonstrated in studies that included the
pharmacological manipulation of systemic injection or intra-
NAc infusion of drugs selectively acting on D1 and/or D2 re-
ceptors (Cory-Slechta et al., 1996; Cory-Slechta and Bare, 1997;
Jaszyna et al., 1998; Areola and Jadhav, 2001). The release of DA
in the NAc is associated with the operant response to FI task
(Cousins et al., 1999; Richardson and Gratton, 2008). Despite that
these abovementioned reports supported the contribution of
the NAc DA to FI response, dopaminergic signaling involved in
this behavior, as well as DRL behavior, has not been scrutinized.

The peak time measured in the DRL behavior was used to
elaborate the relationship between the drug treatment and the
timing process (Cheng and Liao, 2005; Cheng et al, 2006, 2008;
Liao and Cheng, 2007; Chiang et al., 2015). In this study, SKF83959
did not affect the peak time of the DRL10 behavior at all tested
doses, but it had profound effects on the other response-related
measures and the peak rate. The lack of effect on DRL peak time
displays the uniqueness of SKF83959 compared with those de-
scribed for FI30 in terms of timing process, thereby indicating
that the temporal processes involved in these 2 behaviors
cannot be the same. Given the different reinforcement contin-
gencies set in FI and DRL schedules, the subjects trained by FI
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task normally perform increasing response rates within the
intervals, whereas those trained by DRL task display a relatively
low rate of response because a slower response increases the
chance to obtain the reinforcer. Although the process of interval
timing could be required in the performance of either schedule-
controlled behavior, “cost” exists in getting the timing wrong as
any response made prior to the criterial interval fully elapsed in
the DRL (rather than FI) task. Any “premature” response with the
IRT shorter than the criterial interval is not reinforced and leads
to an interval reset in the DRL task. Thus, in addition to timing
process, behavioral inhibition is required in the performance of
DRL behavior; conversely, this is not the case for FI behavior. The
lack of drug influence on the peak time of DRL10 behavior has
been reported in the acute treatment of selective DA-subtyped
receptor agonists, including SKF38393 (a D1 receptor agonist),
quinpirole (a D2/D3 receptor agonist), bromocriptine (a D2/D3
receptor agonist), and PD168077 (a D4 receptor agonist) (Chiang
et al., 2015). Notably, SKF83959 with a greater impact on peak
rate differs from the 4 aforementioned DA receptor agonists,
which had little influence on this measurement. Intriguingly,
the effects of SKF83959 on the DRL10 task were similar to those
reported for SCH23390 and raclopride, which are selective D1
and D2 receptor antagonists, respectively (Liao and Cheng,
2005; Cheng and Liao, 2007). Thus, the mechanism that distin-
guishes the differences between SKF83959 and other drugs that
act on DA subtype receptors is complex and may be related to
the unique pharmacological properties from SKF83959-coupled
intracellular signaling pathways.

CaMKII is an abundant protein inside neurons. The activation
of this protein is regulated by calcium ions. Studies on CaMKII
originally focused on its functions in linking calcium signals to
synaptic plasticity and long-term potentiation or long-term de-
pression in the hippocampus during the N-methyl-D-aspartate
receptor signaling cascade (Fink and Meyer, 2002). CaMKII plays a
critical role in learning and memory; however, the mechanisms
by which protein kinase induced the reward-related behaviors
remain elusive. CaMKII in the NAc is known to modulate be-
havior associated with drug reward (e.g., Loweth et al., 2010), but
the role of this protein kinase in operant response maintained
by natural reinforcer remains unclear. Nonetheless, Wiltgen
et al. (2007) investigated the effects of striatal CaMKII activation
by using transgenic mice that constitutively expressed active
CaMKII in the striatum through the behavioral test of clas-
sical and instrumental conditionings. Their results suggested
that striatal CaMKII is critical in forming associations between
Pavlovian cues and instrumental responses to obtain rein-
forcers (Wiltgen et al., 2007). However, the study did not report
that these striatal CaMKII changes might be further attributed
to the NAc and/or DS. As shown in the present study, pCaMKII
protein level in the NAc under the treatment of SKF83959 at
1.0 mg/kg increased in the DRL10 group but decreased in the
FI30 group. SKF83959 also decreased the pCaMKII in the DS of
the DRL10 group. Our findings support the notion that striatal
CaMKII is involved in the instrumental conditioning. Moreover,
the present results indicate the different regulatory effects of
SKF83959 on pCaMKII protein level in various striatal subareas;
this protein could be involved in the processing of different
types of schedule-controlled behavior.

Repeated injections of SKF83959 (0.4 mg/kg) remarkably re-
duced the total CaMKII protein level rather than its phosphor-
ylation status in the NAc (Perreault et al., 2010). In comparison,
the pCaMKII level in the NAc markedly increased after the acute
injection of SKF83959 at 3 mg/kg combined with quinpirole
(Rashid et al., 2007). The pCaMKII protein level in the striatum
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Figure 3. Representative immunoblots and quantitative analyses of phospho-calcium-/calmodulin-dependent protein kinase II (pCaMKII) and calcium-/calmodulin-
dependent protein kinase II (CaMKII) expression levels in the medial prefrontal cortex (PFC), dorsal striatum (DS), nucleus accumbens (NAc), and hippocampus (Hippo)
in the vehicle- and SKF83959-treated rats after behavioral tests on fixed-interval 30-second schedule (FI30) (A-D) and differential reinforcement of low-rate response
10-second schedule (DRL10) (E-H). The number in each bar represents the sample size of the corresponding group being analyzed. Asterisks denote significant differ-

ences between drug treatment and vehicle control:*P<.05; **P<.01 (Experiment 2).

increased significantly at 30, 60, and 90 minutes after injection
with SKF83959 at 1.0 mg/kg (Ng et al., 2010). These reported find-
ings are consistent with our finding that pCaMKII in the NAc of
rats in the DRL10 group was activated 30 minutes after treat-
ment with SKF83959 at 1.0 mg/kg. However, the pCaMKII level
in the NAc of the FI30 group decreased with SKF 83959 treat-
ment. The cause of these opposite effects of SKF83959 could
be the other signaling cascade, such as calcineurin (Savica and

Benarroch, 2014), which may be involved in the drug-altered FI
and DRL behaviors (as shown below).

CREB regulates the neuroplasticity underlying learning and
memory, and its activity can be affected by a complex array of
neural signals from pathways involved in CaMKs, cAMP-PKA,
and MAPK/ERK (Carlezon et al., 2005; Nishi et al., 2011). CaMKII
phosphorylates CREB at serine-133 and Serine-142 residues
(Carlezon et al., 2005). The phosphorylation of serine-133 induces
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Figure 4. Representative immunoblots and quantitative analyses of phospho-cyclic AMP response element binding protein (pCREB) and cyclic AMP response element
binding protein (CREB) expression levels in the medial prefrontal cortex (PFC), dorsal striatum (DS), nucleus accumbens (NAc), and hippocampus (Hippo) in the
vehicle- and SKF83959-treated rats after behavioral test on fixed-interval 30-second schedule (FI30) (A-D) and differential reinforcement of low-rate response 10-second
schedule (DRL10) (E-H). The number in each bar represents the sample size of the corresponding group being analyzed. Asterisks denote significant differences between

drug treatment and vehicle control: *P<.05; *P<.01 (Experiment 2).

CREB dimerization and activates the subsequent gene expres-
sion (Sun et al.,, 1994). The present results showed that the de-
crease in the serine-133 phosphorylation of CREB in the NAc of
the FI30 group was positively correlated with pCaMKII in the NAc.
The positive correlation between pCREB and pCaMKII in the NAc
also appeared in the DRL10 group. This result supported the no-
tion that CaMKII-CREB-mediated signaling is involved in the cel-
lular mechanism of SKF83959 on operant behaviors. Moreover,
the protein levels altered by SKF83959 were found mainly in the
DS and NAc, whereas relatively few protein changes were found

in the PFC and Hippo. These results suggested that the striatum
is likely the primary targets of SKF83959 treatment to affect
FI and DRL behavior with different profiles of CaMKII-CREB-
mediated signaling. However, further studies with appropriately
controlled experiments are needed to confirm this inference,
because the synergistic regulation on CREB by other kinases in
the dysregulation of motivated behavior has been noted, for ex-
ample, in drug addiction (Muschamp and Carlezon, 2013).
SKF83959 activates CaMKII through the D1-D2 receptor
heteromer-mediated calcium signaling but not through the
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Figure 5. Dose effects of SKF83959 on spontaneous locomotor activity: (top)
distance measured in 5-minute blocks and (bottom) total distance during the
30-minute test (Experiment 3).

N-methyl-D-aspartate receptors (Lee et al., 2004; Rashid et al.,
2007; Ng et al., 2010; Perreault et al., 2010). Besides CaMKII,
protein phosphatase 2B (calcineurin) is a downstream molecule
involved in calcium signaling under SKF83959 treatment (Liu
et al., 2009; Ma et al., 2009b). A high-density of D1-D2 receptor
heteromer was expressed in the rat striatum compared with
other DA-associated brain regions (Lee et al., 2004; Ng et al., 2010;
Hasbi et al., 2020b). Thus, given that the coordination of protein
phosphorylation and dephosphorylation plays an important cel-
lular mechanism role responsive to different neuropsychiatric
behaviors (Woolfrey and Dell’Acqua, 2015), the current results
of SKF83959-altered operant responding are possibly associ-
ated with different drug-induced profiles of protein phosphor-
ylation, as observed in the NAc and DS. Further investigations
are needed to illustrate the mechanism of D1-D2 heteromer
receptor-coupled signaling in SKF83959-altered operant be-
havior. One possible approach is to pharmacologically inhibit
or reverse the effects of SKF83959 by a selective agent that can
exert functional antagonism on D1-D2 receptor heteromer such
as the TAT-D1 peptide (Shen et al., 2015a, 2015b; Hasbi et al.,
2018). For example, D1-D2 heteromer activated by SKF83959 can
inhibit the canonical DA homomer signaling pathway, thereby
leading to the attenuation of cocaine- and food-seeking behav-
iors, which can be reversed by TAT-D1 peptide (Hasbi et al., 2018).
Understanding how the D1-D2 receptor heteromer engaged
in the distinctive features of operant behavior maintained on
different schedules of reinforcement may help elucidate the
cellular or molecular substrate of the motivational/cognitive
control involved in a specific reinforcement contingency of
operant behavior. With the advances in the neurobiology of the
known DA receptor heteromer, the D1-D2 receptor heteromer
may become a potential target for neuropsychiatric disorders
associated with motivational/cognitive control impairment
(Perreault et al., 2014; Andrianarivelo et al., 2019).

The locomotor activity is sensitively affected by drugs that
alter brain DA transmission. The compounds that enhance

brain DA transmission include the following: amphetamine,
cocaine, and apomorphine (Smith, 1965; Cole, 1978; Castro
et al., 1985); D1 receptor full agonists (i.e.,, SKF82958 and
SKF81297); and D1 receptor partial agonists (i.e., SKF75670,
SKF77434, and SKF38393) (Meyer and Shults, 1993; Halberda
et al., 1997; Schindler and Carmona, 2002; Desai et al., 2005).
However, mixed results were obtained by studies on the ef-
fects of D2 receptor agonists on locomotor activity, including
a decrement by quinpirole (Mattingly et al., 1993; Halberda
et al., 1997) and biphasic effects by bromocriptine (Eilam
and Szechtman, 1989; Hoffman and Wise, 1992). Moreover,
the locomotor activity was consistently reduced by both D1
and D2 receptor antagonists (Hoffman and Beninger, 1985;
Hillegaart and Ahlenius, 1987; Schindler and Carmona,
2002; Collins et al., 2010). A pharmaco-ethological study by
Deveney and Waddington (1995) showed that rats injected
with SKF83959 (dosing from 0.01 to 1.25 mg/kg) produced no
effect on locomotor activity despite the increases in rearing at
the higher tested doses. Peacock and Gerlach (2001) reported
that SKF83959 did not induce any motor unrest in primates.
Although recent studies reported SKF83959-increased loco-
motor activity in rats, such effect was manifested under cer-
tain paradigms of drug administration in rats (Perreault et al.,
2010; Shen et al., 2015b). Interestingly, amphetamine-induced
locomotor sensitization was pharmacologically reversed by a
non-effective dose of SKF83959 (Shen et al., 2015b). A similar
pharmacological antagonism by SKF83959 was observed in
experiments with cocaine-induced locomotor sensitization
(Hasbi et al., 2018). Considering the null result of this study, dis-
crepancies between studies may be attributed to different pro-
cedures used in testing the effects of SKF83959 on locomotor
activity. Nonetheless, in the present study, the locomotor ac-
tivity was preserved at doses that reduced operant response,
thereby indicating that the motor functions engaged during
ambulation are anatomically distinct from those involved in
lever pressing (i.e., head and forelimb skilled motor control).
Behaviorally, locomotor activity and operant response are cat-
egorized in different paradigms, such as unconditioned and
associative learning, respectively. The effects of a DA-related
drug on behavior could depend on the motor kinetics required
by the tasks (Ettenberg et al., 1981).

An issue to consider is the fact that water-restricted rats
were used as the subjects in the present study. A possible
concern is whether the current results could be generalized
to those reported by other relevant studies, in which food-
restricted subjects were used, considering that food restriction
has well-documented effects on DA systems and the behav-
ioral effects of drugs that act on DA systems (Cardinal and
Everitt, 2004; Nunes et al., 2013; Carr, 2020). Besides increasing
motivation to respond for water, fluid deprivation possibly im-
pacts the consumption of food, because the majority of food
intake occurs during or shortly after water is made available.
A water-deprived rat is hungry because of self-imposed food
deprivation (Herberg and Stephens, 1977; Toth and Gardiner,
2000). Thus, even if bodyweights are maintained under this
procedure, the behavioral effects of SKF83959 are most likely
being evaluated on rats that are in a self-imposed state of
food restriction. While operant behavior is generally run on
rats with a certain level of restriction-related motivation,
this study used the FI and DRL task to mainly evaluate the
drug effects on distinct components of timing-associated re-
inforcement contingency involved in these 2 tasks. As for the
motivation to consume the reinforcer being concerned, fur-
ther investigation using a specific operant task (e.g., with a
progressive ratio schedule) is required to evaluate whether



SKF83959 specifically affects the effort-related motivation to
pursue a reinforcer.

In conclusion, the present study demonstrated that task-
dependent differences in SKF83959-altered operant response
were manifested by rats in FI30 and DRL10 schedules of re-
inforcement. Changes in protein phosphorylation of CaMKII
and CREB by SKF83959 depended on behavioral task and brain
region. That the locomotor activity was preserved at doses
that disrupted operant response indicates distinct neurobio-
logical bases engaged in the behavioral functions of these 2
paradigms. These findings provide important insight into the
neuropsychopharmacology of SKF83959 and further suggest the
involvement of striatal CaMKII-CREB signaling pathway in the
operant behavior altered by this agent.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.

Acknowledgments

This study was supported in part by grants from the Ministry
of Science and Technology, Taiwan (MOST 104-2410-H-004-
047-MY3; MOST 107-2410-H-004-109-MY3). We thank Dr Feng-
Kuei Chiang for providing technical support and Mr Shuo-Fu
Chen for performing the additional test in Experiment 3.
Interest Statement: None (all authors).

Author Contributions

Conceptualization and experimental design: CCC and RML; be-
havioral experiment: PPL and RML; western-blot experiment:
PPL and CCC; data curation and statistical analysis: PPL, CCC,
and RML; writing, original draft: PPL and RML; writing, editing,
and paper revision: CCC and RML; funding acquisition: CCC and
RML.

References

Andrianarivelo A, Saint-Jour E, Walle R, Trifilieff P, Vanhoutte P
(2019) Modulation and functions of dopamine receptor
heteromers in drugs of abuse-induced adaptations. Neuro-
pharmacology 152:42-50.

Areola OO, Jadhav AL (2001) Low-level lead exposure modulates
effects of quinpirole and eticlopride on response rates in a
fixed-interval schedule. Pharmacol Biochem Behav 69:151-
156.

Arnt J, Hyttel ], Sdnchez C (1992) Partial and full dopamine D1
receptor agonists in mice and rats: relation between behav-
ioural effects and stimulation of adenylate cyclase activity in
vitro. Eur ] Pharmacol 213:259-267.

Bamford NS, Wightman RM, Sulzer D (2018) Dopamine’s effects
on corticostriatal synapses during reward-based behaviors.
Neuron 97:494-510.

Cardinal RN, Everitt BJ (2004) Neural and psychological mechan-
isms underlying appetitive learning: links to drug addiction.
Curr Opin Neurobiol 14:156-162.

Carlezon WA Jr, Duman RS, Nestler EJ (2005) The many faces of
CREB. Trends Neurosci 28:436-445.

Carr KD (2020) Homeostatic regulation of reward via synaptic
insertion of calcium-permeable AMPA receptors in nucleus
accumbens. Physiol Behav 219:112850.

Behavioral and Neurochemical Effects of SKF83959 | 731

Castro R, Abreu P, Calzadilla CH, Rodriguez M (1985) Increased
or decreased locomotor response in rats following repeated
administration of apomorphine depends on dosage interval.
Psychopharmacology (Berl) 85:333-339.

Cheng RK, Liao RM (2007) Dopamine receptor antagonists re-
verse amphetamine-induced behavioral alteration on a dif-
ferential reinforcement for low-rate (DRL) operant task in the
rat. Chin J Physiol 50:77-88.

Cheng RK, MacDonald CJ, Meck WH (2006) Differential effects
of cocaine and ketamine on time estimation: implications
for neurobiological models of interval timing. Pharmacol
Biochem Behav 85:114-122.

Cheng RK, MacDonald CJ, Williams CL, Meck WH (2008) Prenatal
choline supplementation alters the timing, emotion, and
memory performance (TEMP) of adult male and female rats
as indexed by differential reinforcement of low-rate schedule
behavior. Learn Mem 15:153-162.

Chiang FK, Cheng RK, Liao RM (2015) Differential effects of
dopamine receptor subtype-specific agonists with respect to
operant behavior maintained on a differential reinforcement
of low-rate responding (DRL) schedule. Pharmacol Biochem
Behav 130:67-76.

Chun LS, Free RB, Doyle TB, Huang XP, Rankin ML, Sibley DR
(2013) D,-D, dopamine receptor synergy promotes calcium
signaling via multiple mechanisms. Mol Pharmacol 84:190-
200.

Chung SH, Neuringer AJ (1967) Control of responding by a per-
centage reinforcement schedule. Psychonom Sci 8:25-26.

Cole SO (1978) Brain mechanisms of amphetamine-induced
anorexia, locomotion, and stereotypy: a review. Neurosci
Biobehav Rev 2:89-100.

Collins LE, Galtieri DJ, Collins P, Jones SK, Port RG, Paul NE,
Hockemeyer J, Miiller CE, Salamone JD (2010) Interactions be-
tween adenosine and dopamine receptor antagonists with
different selectivity profiles: effects on locomotor activity.
Behav Brain Res 211:148-155.

Cools AR, Lubbers L, van Oosten RV, Andringa G (2002) SKF
83959 is an antagonist of dopamine D1-like receptors in
the prefrontal cortex and nucleus accumbens: a key to its
antiparkinsonian effect in animals? Neuropharmacology
42:237-245.

Cory-Slechta DA, Pokora MJ, Preston RA (1996) The effects of
dopamine agonists on fixed interval schedule-controlled
behavior are selectively altered by low-level lead exposure.
Neurotoxicol Teratol 18:565-575.

Cory-Slechta DA, Pazmino R, Bare C (1997) The critical role of
nucleus accumbens dopamine systems in the mediation of
fixed interval schedule-controlled operant behavior. Brain
Res 764:253-256.

Cousins MS, Atherton TA, Salamone JD (1999) Different behav-
ioral functions of dopamine in the nucleus accumbens and
ventrolateral striatum: a microdialysis and behavioral inves-
tigation. Neuroscience 91:925-934.

Daniels CW, Sanabria F (2017) Interval timing under a behavioral
microscope: dissociating motivational and timing processes
in fixed-interval performance. Learn Behav 45:29-48.

Desai RI, Terry P, Katz JL (2005) A comparison of the locomotor
stimulant effects of D1-like receptor agonists in mice.
Pharmacol Biochem Behav 81:843-848.

Desai RI, Neumeyer JL, Bergman J, Paronis CA (2007) Pharma-
cological characterization of the effects of dopamine D(1)
agonists on eye blinking in rats. Behav Pharmacol 18:
745-754.

Deveney AM, Waddington JL (1995) Pharmacological character-
ization of behavioural responses to SK&F 83959 in relation to



732 | International Journal of Neuropsychopharmacology, 2021

‘D1-like’ dopamine receptors not linked to adenylyl cyclase.
Br J Pharmacol 116:2120-2126.

Dews PB (1955) Studies on behavior. I. Differential sensitivity
to pentobarbital of pecking performance in pigeons de-
pending on the schedule of reward. ] Pharmacol Exp Ther
113:393-401.

Downes RP, Waddington JL (1993) Grooming and vacuous
chewing induced by SK&F 83959, an agonist of dopamine
‘D1-like’ receptors that inhibits dopamine-sensitive adenylyl
cyclase. Eur ] Pharmacol 234:135-136.

Dukich TD, Lee AE (1973) A comparison of measures of re-
sponding under fixed-interval schedules. ] Exp Anal Behav
20:281-290.

Eilam D, Szechtman H (1989) Biphasic effect of D-2 agonist
quinpirole on locomotion and movements. Eur ] Pharmacol
161:151-157.

Ettenberg A, Koob GF, Bloom FE (1981) Response artifact in the
measurement of neuroleptic-induced anhedonia. Science
213:357-359.

Ferster CB, Skinner BF (1957) Schedules of reinforcement. New
York: Appleton-Century-Crofts Inc.

Fink CC, Meyer T (2002) Molecular mechanisms of CaMKII acti-
vation in neuronal plasticity. Curr Opin Neurobiol 12:293-299.

George SR, O’Dowd BF (2007) A novel dopamine receptor
signaling unit in brain: heterooligomers of D1 and D2 dopa-
mine receptors. Sci World J 7:58-63.

Gnanalingham KK, Hunter AJ], Jenner P, Marsden CD (1995)
Stimulation of adenylate cyclase activity by benzazepine
D-1 dopamine agonists with varying efficacies in the
6-hydroxydopamine lesioned rat-relationship to circling be-
haviour. Biochem Pharmacol 49:1185-1193.

Gollub LR (1964) The relations among measures of performance
on fixed-interval schedules. ] Exp Anal Behav 7:337-343.

Grace AA (2016) Dysregulation of the dopamine system in the
pathophysiology of schizophrenia and depression. Nat Rev
Neurosci 17:524-532.

Haber SN, Knutson B (2010) The reward circuit: linking primate
anatomy and human imaging. Neuropsychopharmacology
35:4-26.

Halberda JP, Middaugh LD, Gard BE, Jackson BP (1997) DAD1- and
DAD2-like agonist effects on motor activity of C57 m ice: dif-
ferences compared to rats. Synapse 26:81-92.

Hasbi A, O’'Dowd BF, George SR (2010) Heteromerization of dopa-
mine D2 receptors with dopamine D1 or D5 receptors gener-
ates intracellular calcium signaling by different mechanisms.
Curr Opin Pharmacol 10:93-99.

Hasbi A, Perreault ML, Shen MYF, Fan T, Nguyen T, Alijaniaram M,
Banasikowski TJ, Grace AA, O’Dowd BF, Fletcher PJ, George SR
(2018) Activation of dopamine D1-D2 receptor complex at-
tenuates cocaine reward and reinstatement of cocaine-
seeking through inhibition of DARPP-32, ERK, and AFosB.
Front Pharmacol 8:924.

Hasbi A, Nguyen T, Rahal H, Manduca JD, Miksys S, Tyndale RF,
Madras BK, Perreault ML, George SR (2020a) Sex difference in
dopamine D1-D2 receptor complex expression and signaling
affects depression- and anxiety-like behaviors. Biol Sex Differ
11:8.

Hasbi A, Sivasubramanian M, Milenkovic M, Komarek K, Ma-
dras BK, George SR (2020b) Dopamine D1-D2 receptor
heteromer expression in key brain regions of rat and higher
species: upregulation in rat striatum after cocaine adminis-
tration. Neurobiol Dis 143:105017.

Hillegaart V, Ahlenius S (1987) Effects of raclopride on explora-
tory locomotor activity, treadmill locomotion, conditioned

avoidance behaviour and catalepsy in rats: behavioural
profile comparisons between raclopride, haloperidol and
preclamol. Pharmacol Toxicol 60:350-354.

Hoffman DC, Beninger RJ (1985) The D1 dopamine receptor an-
tagonist, SCH 23390 reduces locomotor activity and rearing in
rats. Pharmacol Biochem Behav 22:341-342.

Hoffman DC, Wise RA (1992) Locomotor-activating effects of the
D, agonist bromocriptine show environment-specific sensi-
tization following repeated injections. Psychopharmacology
(Berl) 107:277-284.

Herberg LJ, Stephens DN (1977) Interaction of hunger and thirst
in the motivational arousal underlying hoarding behavior in
the rat. ] Comp Physiol Psychol 91:359-364.

Jaszyna M, Gasior M, Shoaib M, Yasar S, Goldberg SR (1998) Be-
havioral effects of nicotine, amphetamine and cocaine
under a fixed-interval schedule of food reinforcement in rats
chronically exposed to caffeine. Psychopharmacology (Berl)
140:257-271.

Lammel S, Lim BK, Malenka RC (2014) Reward and aversion in
a heterogeneous midbrain dopamine system. Neuropharma-
cology 76 Pt B:351-359.

Lee SP, So CH, Rashid AJ, Varghese G, Cheng R, Lanca AJ,
O’Dowd BF, George SR (2004) Dopamine D1 and D2 receptor
co-activation generates a novel phospholipase C-mediated
calcium signal. ] Biol Chem 279:35671-35678.

Liao RM, Cheng RK (2005) Acute effects of d-amphetamine on
the differential reinforcement of low-rate (DRL) schedule
behavior in the rat: comparison with selective dopamine re-
ceptor antagonists. Chin J Physiol 48:41-50.

Liu J, Wang W, Wang F, Cai F, Hu Z-L, Yang Y-J, Chen J,
Chen J-G (2009) Phosphatidylinositol-linked novel D1
dopamine receptor facilitates long-term depression in
rat hippocampal CA1l synapses. Neuropharmacology 57:
164-171.

Loweth JA, Singer BF, Baker LK, Wilke G, Inamine H, Bubula N,
Alexander JK, Carlezon WA Jr, Neve RL, Vezina P (2010) Tran-
sient overexpression of alpha-Ca2+/calmodulin-dependent
protein kinase II in the nucleus accumbens shell enhances
behavioral responding to amphetamine. J Neurosci 30:
939-949.

Ma LQ, Liu C, Wang F, Xie N, Gu J, Fu H, Wang JH, Cai F, Liu J,
Chen JG (2009) Activation of phosphatidylinositol-linked
novel D1 dopamine receptors inhibits high-voltage-activated
Ca2+ currents in primary cultured striatal neurons. ]
Neurophysiol 101:2230-2238.

Makihara Y, Okuda Y, Kawada C, Matsumoto M, Waddington JL,
Koshikawa N, Tomiyama K (2007) Differential involvement of
cyclase- versus non-cyclase-coupled D1-like dopamine re-
ceptors in orofacial movement topography in mice: studies
with SKF 83822. Neurosci Lett 415:6-10.

Mattingly BA, Rowlett JK, Lovell G (1993) Effects of daily SKF
38393, quinpirole, and SCH 23390 treatments on locomotor
activity and subsequent sensitivity to apomorphine. Psycho-
pharmacology (Berl) 110:320-326.

Meyer ME, Shults JM (1993) Dopamine D, receptor family agon-
ists, SK&F38393, SK&F77434, and SK&F82958, differentially
affect locomotor activities in rats. Pharmacol Biochem Behav
46:269-274.

Muschamp JW, Carlezon WA Jr (2013) Roles of nucleus accumbens
CREB and dynorphin in dysregulation of motivation. Cold
Spring Harb Perspect Med 3:a012005.

Neumeyer JL, Kula NS, Bergman J, Baldessarini RJ (2003) Re-
ceptor affinities of dopamine D1 receptor-selective novel
phenylbenzazepines. Eur ] Pharmacol 474:137-140.



Ng J, Rashid AJ, So CH, O’'Dowd BF, George SR (2010) Activation
of calcium/calmodulin-dependent protein kinase Ilalpha in
the striatum by the heteromeric D1-D2 dopamine receptor
complex. Neuroscience 165:535-541.

Nishi A, Kuroiwa M, Shuto T (2011) Mechanisms for the modula-
tion of dopamine d(1) receptor signaling in striatal neurons.
Front Neuroanat 5:43.

Nunes EJ, Randall PA, Podurgiel S, Correa M, Salamone JD (2013)
Nucleus accumbens neurotransmission and effort-related
choice behavior in food motivation: effects of drugs acting on
dopamine, adenosine, and muscarinic acetylcholine recep-
tors. Neurosci Biobehav Rev 37:2015-2025.

Panchalingam S, Undie AS (2001) SKF83959 exhibits biochem-
ical agonism by stimulating [**S]GTP gamma S binding and
phosphoinositide hydrolysis in rat and monkey brain. Neuro-
pharmacology 40:826-837.

Peacock L, Gerlach ] (2001) Aberrant behavioral effects of a
dopamine D1 receptor antagonist and agonist in monkeys:
evidence of uncharted dopamine D1 receptor actions. Biol
Psychiatry 50:501-509.

Perreault ML, Hasbi A, Alijjaniaram M, Fan T, Varghese G,
Fletcher PJ, Seeman P, O’'Dowd BF, George SR (2010) The dopa-
mine D1-D2 receptor heteromer localizes in dynorphin/en-
kephalin neurons: increased high affinity state following
amphetamine and in schizophrenia. J Biol Chem 285:36625-
36634.

Perreault ML, Hasbi A, O’'Dowd BF, George SR (2014) Heteromeric
dopamine receptor signaling complexes: emerging neuro-
biology and disease relevance. Neuropsychopharmacology
39:156-168.

Phillips AG, Vacca G, Ahn S (2008) A top-down perspective on
dopamine, motivation and memory. Pharmacol Biochem
Behav 90:236-249.

Platt DM, RowlettJK, Spealman RD (2000) Dissociation of cocaine-
antagonist properties and motoric effects of the D1 receptor
partial agonists SKF 83959 and SKF 77434. ] Pharmacol Exp
Ther 293:1017-1026.

Rashid AJ, So CH, Kong MM, Furtak T, EI-Ghundi M, Cheng R,
O’Dowd BF, George SR (2007) D1-D2 dopamine receptor
heterooligomers with unique pharmacology are coupled to
rapid activation of Gg/11 in the striatum. Proc Natl Acad Sci
U S A 104:654-659.

Richardson NR, Gratton A (2008) Changes in nucleus accumbens
dopamine transmission associated with fixed- and variable-
time schedule-induced feeding. Eur ] Neurosci 27:2714-2723.

Salamone JD, Correa M (2012) The mysterious motivational func-
tions of mesolimbic dopamine. Neuron 76:470-485.

Salamone JD, Koychev I, Correa M, McGuire P (2015) Neurobio-
logical basis of motivational deficits in psychopathology. Eur
Neuropsychopharmacol 25:1225-1238.

Sanger DJ, Blackman DE (1989) Operant behavior and the effects
of centrally acting drugs. In: Neuromethods (Boulton AA,
Baker GB, Greenshaw AJ, ed), pp 299-334. Clifton, NJ: Humana
Press.

Savica R, Benarroch EE (2014) Dopamine receptor signaling in
the forebrain: recent insights and clinical implications. Neur-
ology 83:758-767.

Behavioral and Neurochemical Effects of SKF83959 | 733

Schindler CW, Carmona GN (2002) Effects of dopamine agonists
and antagonists on locomotor activity in male and female
rats. Pharmacol Biochem Behav 72:857-863.

Shen MY, Perreault ML, Bambico FR, Jones-Tabah J, Cheung M,
Fan T, Nobrega JN, George SR (2015a) Rapid anti-depressant
and anxiolytic actions following dopamine D1-D2 receptor
heteromer inactivation. Eur Neuropsychopharmacol 25:2437-
2448.

Shen MY, Perreault ML, Fan T, George SR (2015b) The dopamine
D1-D2 receptor heteromer exerts a tonic inhibitory effect on
the expression of amphetamine-induced locomotor sensi-
tization. Pharmacol Biochem Behav 128:33-40.

Shull RL (1970) A response-initiated fixed-interval schedule of
reinforcement. ] Exp Anal Behav 13:13-15.

Smith CB (1965) Effects of D-amphetamine upon brain amine
content and locomotor activity of mice. ] Pharmacol Exp Ther
147:96-102.

Staddon JE (1969) Multiple fixed-interval schedules: transient
contrast and temporal inhibition. ] Exp Anal Behav 12:583-
590.

Stolzenberg DS, Zhang KY, Luskin K, Ranker L, Bress J, Numan M
(2010) Dopamine D1 receptor activation of adenylyl cyclase,
not phospholipase C, in the nucleus accumbens promotes
maternal onset in rats. Hormon Behav 57:96-104.

Sun P, Enslen H, Myung PS, Maurer RA (1994) Differential activa-
tion of CREB by Ca*/calmodulin-dependent protein kinases
type II and type IV involves phosphorylation of a site that
negatively regulates activity. Genes Dev 8:2527-2539.

Toth LA, Gardiner TW (2000) Food and water restriction proto-
cols: physiological and behavioral considerations. Contemp
Top Lab Anim Sci 39:9-17.

Undie AS, Friedman E (1990) Stimulation of a dopamine D1 re-
ceptor enhances inositol phosphates formation in rat brain. J
Pharmacol Exp Ther 253:987-992.

Undie AS, Weinstock J, Sarau HM, Friedman E (1994) Evidence for
a distinct D1-like dopamine receptor that couples to activa-
tion of phosphoinositide metabolism in brain. ] Neurochem
62:2045-2048.

van Haaren F (1993) Schedule-controlled behavior: positive re-
inforcement. In: Techniques in the behavioral and neural
sciences (vol. 10): methods in behavioral pharmacology
(van Haaren F, ed), pp 81-99. Amsterdam: Elsevier.

Wiltgen BJ, Law M, Ostlund S, Mayford M, Balleine BW (2007) The
influence of Pavlovian cues on instrumental performance is
mediated by CaMKII activity in the striatum. Eur ] Neurosci
25:2491-2497.

Woolfrey KM, Dell’Acqua ML (2015) Coordination of protein
phosphorylation and dephosphorylation in synaptic plasti-
city. ] Biol Chem 290:28604-28612.

Zhang H, Ma L, Wang F, Chen J, Zhen X (2007) Chronic SKF83959
induced less severe dyskinesia and attenuated L-DOPA-
induced dyskinesia in 6-OHDA-lesioned rat model of
Parkinson’s disease. Neuropharmacology 53:125-133.

Zhang ZJ, Jiang XL, Zhang SE, Hough CJ, Li H, Chen JG, Zhen XC
(2005) The paradoxical effects of SKF83959, a novel dopamine
D1-like receptor agonist, in the rat acoustic startle reflex
paradigm. Neurosci Lett 382:134-138.



