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Abstract

Background: Chronic abuse of heroin leads to long-lasting and complicated cognitive impairment. Dopamine receptors are
critically involved in the impulsive drug-driven behavior and the altered attention, processing speed, and mental flexibility
that are associated with higher relapse rates. However, the effects of the different dopamine receptors and their possible
involvement in heroin-induced cognitive impairment remain unclear.

Methods: The 5-choice serial reaction time task was used to investigate the profiles of heroin-induced cognitive impairment in
mice. The expression levels of dopamine D, - and D,-like receptors in the prefrontal cortex, nucleus accumbens, and caudate-
putamen were determined. The effects of dopamine receptors on heroin-induced impulsivity in the 5-choice serial reaction
time task were examined by agonist/antagonist treatment on D, or D, receptor mutant mice.

Results: Systemic heroin administration influences several variables in the 5-choice serial reaction time task, most notably
premature responses, a measure of motor impulsivity. These behavioral impairments are associated with increased D,
receptor and decreased D, receptor mRNA and protein levels in 3 observed brain areas. The heroin-evoked increase in
premature responses is mimicked by a D, agonist and prevented by a D, antagonist or genetic ablation of the D, receptor
gene. In contrast, a D, agonist decreases both basal and heroin-evoked premature responses, while genetic ablation of the D,
receptor gene results in increased basal and heroin-evoked premature responses.

Conclusions: Heroin-induced impulsive behavior in the 5-choice serial reaction time task is oppositely modulated by D, and D,
receptor activation. The D, receptors in the cortical-mesolimbic region play an indispensable role in modulating such behaviors.
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Significance Statement

Repeated heroin administration attenuates attention and increases impulsivity, which is accompanied by increased expression
of D, receptors and decreased expression of D, receptors in the brain dopaminergic system. The heroin-induced impulsivity
behavior may be modulated by the p-opioid receptor-mediated disinhibition of dopamine neurons and further acts through
the activation of both D, and D, receptors. The D, receptor in the cortical-mesolimbic dopaminergic system is indispensable for

modulating impulsive behavior.

Introduction

The chronic abuse of addictive substances, such as heroin, may
lead to long-lasting and complicated impairment in the cogni-
tive function of individuals (van Holst and Schilt, 2011). Such
cognitive impairment potentially contributes to the burden of
clinical treatment, either by requiring additional rehabilitation
for cognitive deficits that impair daily function or by strengthen-
ing the drug-seeking urge through ancillary effects on behavior
(Ornstein et al., 2000).

Heroin not only impairs impulse control, including a com-
promised ability to exert control over drug demands or to inhibit
impulsive drug-driven behavior, but also alters attention, process-
ing speed, and mental flexibility in ways associated with higher
relapse rates (Passetti et al., 2008). In the past few years, studies
of the acute and chronic effects of heroin on humans have shown
a cluster of cognitive, behavioral, and physiological symptoms.
For example, heroin-dependent participants showed a consider-
able attentional bias for heroin cues (Franken et al., 2003). Heroin
also has a negative effect on impulse control, while attention and
mental flexibility/abstract reasoning ability are not affected (Pau
et al., 2002). Furthermore, heavier use of heroin has been shown
to be associated with a greater likelihood of cognitive impairment
(Zhong et al., 2015). However, inconsistent findings have been
observed (Harty et al., 2011; Zhai et al., 2015), and there have been
relatively few detailed investigations of the neuropsychological
changes associated with long-term heroin use, particularly when
comparing profiles of cognitive impairment in the same study.

There is substantial evidence that the corticostriatal system,
particularly dopaminergic transmission, is a common neurobio-
logical substrate for the cognitive processes expressed by deci-
sion-making, inhibitory control, attentional regulation, assigning
reward, and motivation valence (Taylor et al., 2013). The mesolim-
bic and corticolimbic distributions of dopamine and opiate recep-
tors might be expected to lead to different patterns of cognitive
impairment among opiate abusers (Joyce and Meador-Woodruff,
1997). Consequently, the chronic abuse of opiates may lead to
neuroadaptive changes in dopaminergic terminal regions such as
the nucleus accumbens (NAc), caudate-putamen (CPu), and pre-
frontal cortex (PFC), leading to disruptive cognitive and behavioral
patterns. For example, neuroimaging studies have demonstrated
that dopamine depletion impairs PFC-NAc functional connectiv-
ity, thus reducing the control of attention and cognitive flexibility
(Nagano-Saito et al., 2008). Dopamine receptors have been shown
to be involved in the reinstatement of drug seeking both follow-
ing reexposure to the previously self-administered drug (prim-
ing-induced reinstatement) and exposure to cues previously
associated with drug administration (cue-induced reinstate-
ment) (Shalev et al., 2002; Shaham et al., 2003; Bossert et al., 2005).
Intracranial infusion of SCH-23390, an antagonist for dopamine
D, -like receptors (including D, and D, receptors), into the prelim-
bic cortex potently and dose dependently attenuated heroin seek-
ing in response to either cue presentations or a priming dose of
heroin, suggesting that D, receptors regulate prefrontal pathways
necessary for the reinstatement of heroin seeking (See, 2009).
Attenuated reinstatement of heroin seeking was observed in rats

injected with SCH-23390 into the NAc shell, suggesting that dopa-
mine transmission in the NAc through the D, -like receptors plays
a critical role in the drug reinforcement and motivational drive
that promotes drug-seeking behavior (Tobin et al., 2013). Studies
also revealed an attenuation of drug seeking following systemic
administration of the D, receptor antagonist, SB-277011A (Xi
et al., 2004). Furthermore, activation of the D,-like receptors in the
NAc exerts divergent effects on impulsivity and locomotor activ-
ity in high- and low-impulsivity rats (Moreno et al., 2013). While
there is currently considerable debate on the effects of a specific
dopamine receptor on differential cognitive modulation in heroin
addicts (J. H. Liu et al., 2015b), there is a lack of experimental evi-
dence addressing the expression of D,- and D,-like receptors and
their sustained neurocognitive consequences after a protracted
period of heroin administration.

The present study aimed to examine the comparative effects
of dopamine D,- and D,-like receptors on heroin-induced cogni-
tive impairment. For this purpose, 4 experiments were included:
(1) the 5-choice serial reaction time task (5-CSRTT) was used to
investigate the profiles of heroin-induced cognitive impairment.
This task measures different types of performance that include
aspects of attention, motivation, compulsiveness (persevera-
tion), and impulsivity (premature responses) and that depend
on neural systems including the PFC and striatum (Robbins,
2002). (2) The difference between D, - and D,-like receptor expres-
sions after repeated heroin was examined by Western blot and
quantitative RT-PCR. (3) The comparative effects of D, and D,
receptors on heroin-induced impulsivity in the 5-CSRTT were
examined using selective agonist/antagonist administration. (4)
The interaction between heroin-induced impulsive actions and
dopamine receptors was further investigated by using the D, or
D, receptor knockout mice.

Materials and Methods

Animals

A total of 152 age-matched C57BL/6] male mice (8 weeks old,
weighing 20~22 g on arrival) were housed under humidity-
(50+5%) and temperature-controlled (22+3°C) conditions. All
training and testing were conducted during the light phase (lights
on from 7:00 aM to 7:00 pMm). All studies were conducted in accord-
ance with the National Institutes of Health Guide for the Care
and Use of Experimental Animals (NIH Publication No. 90-23), and
the experimental protocols were approved by the Institutional
Animal Care and Use Committee of Xi’an Jiaotong University.

Drugs and Antibodies

Heroin (First Pharmaceutical Factory of Shenyang, Shenyang,
China), the selective dopamine D1 receptor agonist SKF-38393,
D1 receptor antagonist SCH-23390, and D3 receptor agonist
PD-128907 (Sigma-Aldrich) were dissolved in 0.9% saline to
obtain the required final concentration. The doses were based



on previous reports (Cote and Kuzhikandathil, 2014; Sheng
et al., 2015). Rabbit polyclonal antibodies against dopamine
D, (ab20066), D, (ab40656), D, (ab21218), D, (ab42114), and D,
(ab135978) receptor were purchased from Abcam Technology.
The mouse monoclonal antibodies against GAPDH and
the horseradish peroxidase-conjugated anti-rabbit or anti-
mouse secondary antibodies were purchased from Santa Cruz
Technology.

5-CSRTT Training and Testing

Mice were trained on the 5-CSRTT as described previously with
minor modifications (Finlay et al., 2015; see the supplementary
Materials for detailed information.

Quantitative RT-PCR and Western Blot

Brain punches of the PFC, NAc, and CPu were collected and pro-
cessed for RNA and protein extraction as previously described
(Wang et al., 2015). The specific primers used in the qRT-PCR
are shown in supplementary Table 1. See the supplementary
Materials for detailed information.

Experiment 1: Effects of Systemic Heroin
Administration on Cognitive Behaviors and
Dopamine Receptor Expression

Four groups of mice (n=6/group) were trained on the 5-CSRTT
until they attained >80% accuracy and <20% omissions under the
0.8-second stimulus duration condition for 3 consecutive days.
They were then injected with heroin (1.0, 2.0, or 5.0 mg/kg) or
saline i.p. 30 minutes before 5-CSRTT testing. The drug admin-
istration and 5-CSRTT testing proceeded for 10 consecutive days.
After the completion of the test, the mice were killed immediately,
and their brains were quickly removed and frozen on dry ice. The
mRNA and protein expression levels of dopamine receptors in the
PFC, NAc, and CPu were examined by RT-PCR and Western blot.

Experiment 2: Effects of Systemic Dopamine D, and
D, Receptor Agonists on Cognitive Behaviors

A separate cohort of mice was randomly assigned to 3 groups
(n=6/group) and trained on the 5-CSRTT until their accuracy
was >80% and omissions were <20% under the 0.8-second stim-
ulus duration. They were then treated with SKF-38393 (10 mg/
kg), PD-128907 (0.05 mg/kg), or saline 30 minutes before 5-CSRTT
testing. The drug administration and 5-CSRTT testing proceeded
for 10 consecutive days.

Experiment 3: Effects of Dopamine D, and D,
Receptor Activation/Inhibition on Heroin-Induced
Behaviors

Mice were trained on the 5-CSRTT to the basal level (n=6/group).
They were then treated with SKF-38393 (10 mg/kg), SCH-23390
(0.05 mg/kg), PD-128907 (0.05 mg/kg), or saline 15 minutes before
the 2.0-mg/kg heroin treatment. All drugs were administered
i.p., and the 5-CSRTT testing proceeded for 10 consecutive days.

Experiment 4: Effects of Heroin Administration on
Impulsive Actions in Dopamine D, or D, Receptor
Knockout Mice

Dopamine D, (D,”) and D, (D,”) receptor mutant mice were gen-
erated by Xu et al. (1994, 1997). Confirmation of genetic deletion,
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the D, and D, mutation was accomplished by Southern blot of
tail DNA. C57BL/6 wild-type (WT) littermates, D,” and D,” mice
were randomly assigned to 4 groups (n=6/group) and trained
on the 5-CSRTT until the WT mice acquired a stable basal level.
They were then i.p. treated with 0.05 mg/kg SCH23390 (15 min-
utes before heroin or saline injection), 2.0 mg/kg heroin, or saline
30 minutes before 5-CSRTT testing. The drug administration and
5-CSRTT testing proceeded for 10 consecutive days.

Statistical Analyses

All statistical analyses were performed using GraphPad Prism
ver. 6.07 (GraphPad Software Inc.). The results are presented as
the means+SEM. Behavioral data were analysed using repeated-
measures 2-way ANOVA with time as a within-subjects factor
and treatment as a between-subjects factor. For the mRNA
results, 1-way ANOVA was used to determine the effect of her-
oin on dopamine receptor expression in different brain regions.
Posthoc Dunnett’s comparisons were used where appropriate.
For the analysis of Western-blot results, unpaired t tests were
applied to measure the difference between heroin and saline
groups. The values of the saline control groups were all set as
1. The other columns represent the fold change relative to the
saline control group. Statistical significance was set at P < .05.

Results

Effects of Systemic Heroin Administration on
5-CSRTT Performance

Following the acquisition of baseline performance, repeated her-
oin produced a significant decrease in accuracy% (dose-effect:
F, ,,, = 73.66, P<.0001; Figure 1A) and an increase in omission%
(dvose-effect: F, ,00=129.6, P<.0001) (Figure 1B). The premature
responses (dose-effect: F, ,=107.4, P<.0001; Figure 1C) were
increased, while the perseverative responses (dose-effect: F,
,00=47.06, P<.0001; Figure 1D) and trials completed (dose-effect:
F, ,00=79.37, P<.0001; Figure 1E) were significantly decreased. In
addition, the 5.0 mg/kg heroin produced an increase in feeder
latency (dose-effect: F, ,,=556.62, P<.0001) (Figure 1F). The final
5-CSRTT performance of mice was analyzed by multiple com-
parisons. Five mg/kg heroin decreased attentional performance
as measured by accuracy% (P<.0001) and omission% (P<.0001).
Both 2.0 and 5.0 mg/kg heroin induced significant increases in
premature responses (P<.0001). Meanwhile, the perseverative
responses were attenuated by 2.0 and 5.0 mg/kg heroin (P<.01).
Notably, the number of trials completed (P<.0001) and the feeder
latency (P<.05) were significantly affected by 5.0 mg/kg heroin.
Because 1.0 mg/kg heroin did not significantly affect the cog-
nitive behaviors, while 5.0 mg/kg of heroin reduced motivation
and exerted a strong sedation effect, 2.0 mg/kg of heroin was
selected for the subsequent experiments.

Dopamine Receptor Expression following Systemic
Heroin Administration

Brain regions where tissue punches were performed are illus-
trated in Figure 2A. Figure 2B shows the relative mRNA levels
of dopamine receptors in the PFC. One-way ANOVA revealed a
significant effect of repeated heroin on the mRNA expression of
dopamine D, (F, ,,=12.82, P<.0001), D, (E, ,, = 4.73, P<.05), D, (F ,
0= 3.92, P<.05),Yand D, (F, ,, =7.24, P<.Oi) receptors. In general;
higher doses of heroin induced higher levels of D, and D, mRNA
as well as lower levels of D, and D, receptors. In NAc (Figure 2C),
D, (F , ,,=10.97, P<.0001) but not D, (F , ,,=0.369, P=.783) mRNA

3,20
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Figure 1. Effects of systemic heroin on 5-choice serial reaction time task (5-CSRTT) performance. Mice were administered i.p. with 1.0, 2.0, and 5.0 mg/kg heroin or
saline. The 5-CSRTT testing was performed from day 1 to day 10. The values represent the mean + SEM. All groups are compared with the saline group. For the 5.0-mg/

kg heroin group, *P<.05, **P<.01, **P<.0001; for the 2.0-mg/kg heroin group, #P<.05.

was increased by heroin. Meanwhile, the mRNA levels of
D, (F,,=6.42,P<.01) and D, (F , ,,=6.02, P<.05) were decreased.
As shown in Figure 2D, the mRNA expression levels of D, (F
=7.34,P<.0001) and D, (F
(F3,20
was found on D, (F
mRNA expression.
We further examined the protein expression of these recep-
tors by Western blot (Figure 2E) in those brain regions following
repeated 2.0-mg/kg heroin treatments. Quantitative analysis for
the Western-blot results (Figure 2F) showed that D, expression
levels in the 2.0-mg/kg heroin group were significantly increased
compared with their saline controls in the PFC, NAc, and CPu
(all P<.0001). Conversely, significant decreases of the D, receptor
expression levels in the 2.0-mg/kg heroin group were observed
in all 3 brain regions (all P<.05). No obvious alteration of the
expression of other dopamine receptors was found in 3 brain
regions except for a decrease of D, receptor in the PFC (P<.05).

3,20
5.20=2-22, P<.05) were increased and D,

=4.94, P<.05) were decreased in the CPu. No effect of heroin
=0.214, P=.884), or D, (F, ,, = 0.093, P=.96)

3,20 3,20

Effects of Systemic Dopamine D, and D, Receptor
Agonists on 5-CSRTT Performance

Three groups (n=6/group) of mice were trained on the 5-CSRTT
until they achieved stable baseline performance. SKF-38393

increased omission% (drug-effect: F, |, = 668.2, P<.0001) but
not accuracy% (drug-effect: F, ,, = 2.472, P = .1197; Figure 3A-B),
suggesting a partially attenuated attentional performance. There
was a significant effect of time on accuracy% (time-effect: F,
10=11.77, P<.0001) during the SKF-38393 administration period.
Posthoc analysis revealed a sharp decrease in accuracy% in
the first 2 days of SKF-38393 administration (P<.0001 and <.05,
respectively) and a rapid return to baseline that might have
resulted from adaptation. Premature responses were increased
by SKF-38393 (drug-effect: F, ,,=164.9, P<.0001) (Figure 3C). No
effect of SKF-38393 was found on perseverative action (drug-
effect: F, ,,=0.3783, P =.5399) (Figure 3D). In addition, SKF-38393
induced a transient decrease in the number of trials completed
(drug-effect: F, | =3.539, P<.05; time-effect: F, ,,=15.96, P<.0001;
Figure 3E) and a persistent increase in the feeder latency (F,
100=96.28, P<.0001; Figure 3F), suggesting subdued motivation. '

Compared with the effects of SKF-38393, the D, receptor
agonist PD-128907 affected attentional parameters in a differ-
ent pattern. The accuracy% showed a persistent decrease (drug-
effect: F, 100 = 303.0, P<.0001; Figure 3A), whereas the omission%
only increased on the first day (drug-effect: F, | =3.514,P=.0638;
time-effect: F, ,,, = 4.786, P<.0001) (Figure 3B). Furthermore,
repeated PD-128907 decreased the premature responses (drug-
effect: F, ,,=92.61, P<.0001) (Figure 3C). The perseverative
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Her, 2.0 mg/kg heroin group. (E) Quantitative analysis of Western-blot results; unpaired t test was applied to measure difference between heroin and saline groups. The

data of saline groups were set as 1. All values represent the mean + SEM. *P<.05, **P<.01, **P<.0001.

responses were not affected (drug-effect: F, ) = 3.273, P=.2734)
(Figure 3D) during the experimental period. Repeated PD-128907
also decreased the motivational performances as measured
by the trials completed (drug-effect: F, ,,=53.06, P<.0001;
Figure 3E) and the feeder latency (drug-effect: F = 78.15,
P<.0001) (Figure 3F).

1, 100

Dopamine D, and D, Receptor Activation on
Heroin-Induced 5-CSRTT Performance

Because dopamine D, and D, receptor activation exerted complex
effects on attentional and impulsive behavior, we further inves-
tigated whether the activation of these receptors contributed to
the heroin-induced effects on 5-CSRTT performance. There was
a significant effect of treatment on the attentional parameters,
including accuracy% (drug-effect: F, ,,=12.55, P<.01; Figure 4A)
and omission% (drug-effect: F, ,,=28.15, P<.0001; Figure 4B).
However, no difference in accuracy% and omission% was found
in the final 5-CSRTT tests, suggesting an adaptive process. In
the SKF-38393/heroin combination treatment group, the pre-
mature responses (drug-effect: F, |, = 91.17, P<.0001; Figure 4C)
were increased compared with heroin alone. The cognitive

flexibility was not altered by the SKF-38393/heroin combination
(drug-effect on the perseverative response: F, ,,=0.157, P=.693)
(Figure 4D). No significant effect of treatment on the number of
trials has been found (Figure 4E). The feeder latency was signifi-
cantly affected by the SKF-38393/heroin combination treatment
(drug-effect: F, ,,=142.3, P<.0001) (Figure 4F).

In contrast to the heroin alone group, the accuracy% was
slightly decreased by the combination treatment compared with
heroin alone (drug-effect: F, | =24.21, P<.0001). The premature
responses were significantly affected by the PD-128907/heroin
treatment (drug-effect: F, | =102.5, P<.0001). Other perfor-
mance measures reﬂecting attentional performance, cognitive
flexibility, and motivation were not affected by the combina-
tion treatment (drug-effect in omission%: F, ,,=0.4681, P=.4954;
perseverative responses: F, | =0.004, P=.95; trials completed:
F, 0 = 3.719, P = .0656; feeder latency: F, ,, = 0.4681, P = .4954).

These results suggested that impulsive action was the most
affected behavior by the agonists/heroin combination treat-
ments, and the activation of dopamine D, and D, receptors seem
to have opposite effects. In another cohort of mice, we further
determined the premature responses following SKF-38393/SCH-
23390/PD-128907 with or without heroin. Analysis revealed that
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Figure 3. Effects of systemic administration of dopamine D, and D, receptor agonists on 5-choice serial reaction time task (5-CSRTT) performance. Mice were admin-
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All groups are compared with the saline group. For SKF-38393 group, *P<.05, *P<.01, ***P<.0001; for PD-128907 group, #P<.05, ##P<.01, ###P <.0001.

the premature responses in the SKF-38393/heroin group were
increased compared with both the SKF-38393 and heroin-alone
groups (both P<.0001) (Figure 5A). As SKF-38393 enhanced heroin-
induced impulsivity, we further examined whether the D, antag-
onist could block this effect. As shown in Figure 5B, no difference
was found between the SCH-23390 and saline mice (P=.952).
However, the premature responses were significantly decreased
in the SCH23390/heroin group compared with heroin alone
(P<.0001). There was no difference between the SCH-23390/heroin
group and the saline group (P=.939), indicating that SCH-23390
fully antagonized the effects of heroin. The PD-128907/heroin
decreased premature responses significantly compared to heroin
alone (P<.01) (Figure 5C). Moreover, the premature responses in
the PD-128907/heroin group were increased compared with the
PD-128907 group (0.3 + 0.24, P<.05), further suggesting that her-
oin-induced impulsive action was blocked by PD-128907.

Effects of Heroin Administration on Impulsive
Actions in D, or D, Mice

The basal performances for WT, D,”, and D,”” mice are shown
in Table 1. The accuracy% was significantly decreased while

omission% was increased in D,”" mice, indicating attenuated
attentional function. The basal premature responses, perse-
verative responses, and number of trials completed were all
significantly attenuated in D,” mice. These results may reflect
that the D, receptor affects cognitive behaviors comprehen-
sively and is playing crucial roles in attention, impulsivity, and
compulsivity. However, compared with WT mice, only accu-
racy% was decreased in D,” mice. Moreover, D,”" mice showed
increased basal premature responses and decreased persevera-
tive responses and number of trials completed. The omission%
and feeder latency were intact in D,”" mice.

In the following experiment, we focused on the effect of
heroin administration on impulsive actions in D,”" or D,” mice.
As shown in Figure 6A, after 3 days of 5-CSRTT training under
baseline conditions, WT and D,”- mice showed stable premature
nose pokes. The average number of premature nose pokes in
D,”" mice was significantly decreased compared with WT mice.
Two-way ANOVA revealed a significant effect of both heroin
(as the between-groups factor, F , ,,, = 350.1, P<.0001) and time
(F = 2.699, P<.01), as well as an interaction between them
(F 5 550=2481, P<.0001). As expected, premature responses
were increased in WT mice following the repeated heroin.
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However, it is surprising that D,”- mice barely showed any pre-
mature responses either in the 5-CSRTT training sessions or
after repeated heroin. To further dissect the impact of heroin
and D, receptor on impulsivity, the premature responses on day
10 were analyzed (Figure 6B). There were significant effects of
both heroin (F , ,,=53.59, P<.0001) and genotype (F , ,,=275.2,
P<.0001). Posthoc analysis showed a significant decrease in

D,” mice regardless of whether they were injected with heroin
or saline (both P<.0001).

In contrast to D,” mice, the baseline premature nose pokes
in D,” mice were obviously increased compared to WT mice
(Figure 6C). There was a significant effect of both treatment
(F; ,5=1074, P<.0001) and time (F ,, ,,, = 18.03, P<.0001) as well
as an interaction between them (F =5.728, P<.0001). In the
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final 5-CSRTT test, there was a significant increase in the WT/ counterparts (P<.0001), suggesting an enhancement of impulsive
heroin, D,”/saline, and D,”/heroin mice (all P<.0001) compared actions following repeated heroin in the absence of D, receptors.
with the WT/saline controls. It is worth noting that D3”/her- Our results suggest that the D, and D, receptors oppositely
oin mice showed more premature responses than their saline regulate impulsivity, and the D, receptor may have an essential

Table 1. 5-CSRTT Baseline Performance in WT, D17, and D37 Mice

WT D1-/- D3-/- ANOVA
Accuracy (%) 92.1+3.24 14.56 + 2.11™ 56.47 + 12.02"* F, ,,=28.35P <0.0001
Omission (%) 16.44 £ 2.1 75.21 + 6.46"* 18.22 + 2.89 F, ,, = 63.66, P < 0.0001
Premature response 4.25+0.78 0.21 + 0.07™* 13.31 + 0.66™* F, ,,=128.7,P <0.0001
Perseverative response 7.15+1.38 0.38 + 0.14™* 1.1+0.22" F, ., =21.03, P <0.0001
Trials completed 944 +4.2 11.34 +2.87** 72.34 + 4117 F, ;,=129.8,P <0.0001
Feeder latency (s) 1.24 £0.17 5.46 + 1.14™* 1.17 £0.13 F, ;= 63.63,P < 0.0001

Data is showed in means+SEM. One-way ANOVA followed by Dunnett’s posthoc test used to analyze difference between strains. *P < .05, **P < .01, **P < .0001, com-
pared with WT mice.
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Figure 6. Effects of heroin administration on impulsive actions in D, or D,” mice. Mice were administered i.p. with 2.0 mg/kg heroin or saline from day 1 to 10. The
values represent the mean + SEM. In A and C, all groups are compared with the WT-saline group. For the WT-heroin group, *P<.05, *P<.01, **P<.0001. For the D,”" (or
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“gateway” function in impulsive behavior. To better understand
the role of D, and D, receptors in impulsivity, an experiment
with the D, receptor antagonist SCH23390 with or without her-
oin was performed with the D,” mice. Repeated measurement
2-way ANOVA revealed significant effects of both treatment
(F , 5 = 390, P<.0001; Figure 6E) and time (F ,, ,,, = 4.471, P<.0001)
as well as an interaction between them (F ,, ,,, = 9.043, P<.0001).
In the final 5-CSRTT test, as expected, SCH23390 decreased
the number of premature nose pokes (P<.01; Figure 6F) in the
D,” mice while heroin significantly increased them (P<.0001).
However, when pretreated with the SCH23390, the heroin-
induced increase of premature nose pokes was completely
blocked (saline vs SCH23390+heroin, P<.05; SCH23390 vs
SCH23390+heroin, P = .857).

Discussion

The main findings of this study demonstrate divergent func-
tional roles of the dopamine receptors in the modulation of
heroin-induced cognitive impairment in mice and provide addi-
tional support for the idea that dopamine receptor dysfunction,
especially D, and D, receptors, is associated with extreme-
impulsivity endophenotypes on the 5-CSRTT.

Attentional function is often severely disrupted in many
neuro-psychiatric disorders, including schizophrenia (Laurent
et al., 1999), attention deficit/hyperactivity disorder (Asherson,
2005), depression (Asherson et al., 2014), and substance abuse.
A greater percentage of individuals with attention deficit dis-
order reported previous use of alcohol, cannabis, and cocaine
compared with those individuals who screened negative for
attention deficit disorder (Vingilis et al., 2014). We reported that
the attentional parameters were significantly affected by 2.0
and 5.0 mg/kg heroin. A decrease in accuracy, especially accom-
panied by an increase in omissions, usually reflects a deficit in
attention. Of course, such a pattern can also result from noncog-
nitive disruptions, such as sedation, locomotor impairment, or
reduced motivation. Subsequent inspection of the total number
of trials completed and the feeder latency suggested that the 5.0
but not 2.0 mg/kg heroin induced significant motivational defi-
cits or locomotor impairment, and therefore, 2.0 mg/kg heroin
was used in the following experiments.

Impulsivity is defined in part as the tendency to act prema-
turely and without adequate foresight into the consequences
of the behavior (Evenden, 1999). One form of impulsivity, called
impulsive action, occurs when an individual is unable to with-
hold or refrain from making an inappropriate or premature
response (Pattij and Vanderschuren, 2008). This is different from
impulsive choice that is exemplified by, for example, behavior
that results in the delivery of a small immediate reward, rather
than a better reward for which the individual must wait for a
period of time (Moeller et al., 2001). In the present study, the
observation that heroin robustly increased premature responses
extends the previously reported acute effects of psychostimu-
lants such as amphetamine (Harrison et al.,, 1997), cocaine
(Paine et al., 2003), and nicotine (Kirshenbaum et al., 2011) on
impulsive action. It is interesting that in the present study, per-
severative responses in mice were attenuated by the repeated
heroin administration (2.0 and 5.0 mg/kg). There is evidence that
increased compulsiveness is closely related with the develop-
ment and relapse of heroin addiction in both heroin abusers
and animals (Ornstein et al., 2000; Belin et al., 2008). However,
it should be considered that, although some of the measures in
the 5-CSRTT often co-vary in certain circumstances, they some-
times dissociate and appear to depend on different processes,

Zhuetal. | 265

probably under the control of separable neural mechanisms
(Robbins, 2002). An acutely high dose of morphine (6.0 mg/kg)
was found to increase impulsive behavior in the 5-CSRTT and
reduce the number of perseverative responses following the cor-
rect choice and before food reward collection (Pattij et al., 2009).
This finding supports our observation and suggests certain
beneficial effects of opiates on aspects of compulsive behavior.
Moreover, in the present study, a high dose of morphine (5 mg/
kg) also strongly decreased the response accuracy, increased the
number of omissions, and lengthened response latencies; there-
fore, these effects on perseverative responding may also due to
nonspecific drug effects on motor behavior.

While there is evidence that p-opioid receptor mediates the
disinhibition of dopamine neuron activity and is thus involved
in psychopathological disorders in individuals (Spanagel et al.,
1992), the dopaminergic system, especially dopamine receptors,
can clearly be expected to play critical roles in heroin-induced
cognitive impairment. Opiates differentially enhance dopa-
mine transmission in the NAc (Muller and Unterwald, 2005),
CPu (Gao et al., 2013), and PFC (C. Liu et al., 2015a). Previous
research showed that the detrimental effects of psychostimu-
lants on impulsivity depend heavily on dopamine receptor acti-
vation (van Gaalen et al., 2006). Moreover, variation in dopamine
receptor expression has been linked to individual differences
in impulsive behavior. Prolonged use or withdrawal from opi-
ates could result in altered availability of D,- and D,-like recep-
tors in the brain (Cosgrove, 2010; Hou et al., 2014). In our study,
increases of D,, as well as decreases of D,, receptors were
observed following repeated heroin. Specifically, the most sig-
nificant changes were observed in D, and D, receptors within all
3 observed brain regions. Thus, we speculated that the altered
function of D, and D, receptors might play a leading role in the
effects of repeated heroin.

The results from experiments 2 and 3 revealed that the sys-
temic activation of D, or D, receptors via their selective agonists
led to divergent effects on impulsive actions. SKF-38393 robustly
increased premature responses, whereas PD-128907 reduced
such responses. The evidence indicated that the D, receptor in
the medial PFC is positively correlated with impulsive choice in
rats (Loos et al., 2010). Blockade of D, receptor in the core, but not
the shell, of the NAc reduced impulsivity in the 5-CSRTT (Pattij
et al., 2007), whereas the administration of SKF-38393 in the core
had the opposite effect (Pezze et al., 2007). By contrast, striatal
D,, receptor availability is negatively correlated with impul-
sive action in rodents (Laughlin et al., 2011) and with impul-
sive choice in humans (Ghahremani et al, 2012). D,, receptor
agonist in humans attenuates the impulsive actions observed
in stimulant-dependent individuals (Ersche et al., 2011). These
studies were consistent with our observations. The apparent
opposite contribution of the D, and D, receptors to impulsivity
might reflect their general proposed roles in reward-directed
behaviors, with D, receptor activation thought to represent the
positive value of actions and generate a response bias towards
actions of higher value, while D, receptor activation applies the
“brake” on that goal-directed selection (Tai et al., 2012). In addi-
tion, perseverative nose pokes were unaffected following both
treatments, suggesting that the D, and D, receptors have spe-
cific functions in modulating impulsive actions and attentional
and motivational performance rather than compulsive aspects
of performance (Tai et al., 2012). It is worth noting that repeated
administration of the SCH23390 had no effect of premature
responses, while many studies reported that decreased prema-
ture responding has been observed following administration of
the D, receptor antagonists. For example, on a simple reaction



266 | International Journal of Neuropsychopharmacology, 2017

time task, decreased premature responses have been reported
following acute treatment with SCH23390 (0.025~0.2 mg/kg, i.p.),
raclopride (0.05~0.8 mg/kg, i.p.), and haloperidol (0.05~0.4 mg/kg,
i.p.) (Marrow et al., 1993). However, D, receptor antagonists have
also been reported to have null effects on premature respond-
ing in response to SCH23390 (5, 10, 20 pg/kg, s.c.) (Amalric et al.,
1993). Neither impulsive nor perseverative responding was
affected following intra-NAc infusions of SCH23390 (1~100 ng/
side), while SKF38393 increased impulsivity (5 pg/side) (Pezze
et al,, 2007). These discrepant results might reflect differences
in the animal strain used; the specifics of the task, such as the
delay after the onset of the stimulus, the behavior performed
(e.g., nose poke vs lever press); or the administration paradigm
of these compounds. In the present study, mice were repeatedly
i.p. administered with antagonists 15 min before the 2.0-mg/kg
heroin treatment for 10 consecutive days, while most of the pre-
vious studies used a single acute administration, which may not
reflect the adaptive changes on cognition. In addition, SCH23390
fully antagonized the heroin-induced increase in premature
responses, further proving the effectiveness of this drug.

In experiment 4, we found that D,”" mice demonstrated
hardly any premature responses, even after repeated heroin
administration. This is presumably because the D, receptor is
essential to the expression of impulsivity endophenotypes and
serves as a “gateway.” The experiment with SCH23390 with or
without heroin in the D37 mice demonstrated that SCH23390
fully blocked premature responses even when the D, receptor-
mediated inhibition is lacking in D37 mice. This result provided
important evidence that further supports our hypothesis that
the enhancement of impulsive actions by heroin was fully
blocked when this D, receptor-regulated “gateway” was una-
vailable. Recently, evidence has shown that both the behavioral
responses to reward-related cue and the specific NAc neuronal
firing promoting such responses depend on dopamine release in
those neurons (Nicola et al., 2004). Moreover, in medium spiny
neurons, the stimulation of D, receptor showed a dual effect:
both depolarizing the cell to the firing threshold and decreas-
ing the efficacy of the weakest synaptic inputs (O’Donnell, 2003).
Thus, the diminished impulsive actions of D,”- mice may be one
behavioral correlate of this physiological mechanism. On the
other hand, D, receptor knockout resulted in elevated impulsiv-
ity, which was augmented by repeated heroin. Considering the
general behavioral inhibitory effect of the D,-like receptors, the
deletion of D, receptor might represent the absence of an impor-
tant way to negatively modulate impulsive actions.

Special attention should be paid to the methods of drug
administration used in the present study. Investigator admin-
istration is a relatively high throughput method used to exam-
ine differences caused by acute or chronic drug exposure at
varying time points after treatment (Renthal and Nestler, 2009).
Self-administration paradigms, while labor-intensive, are better
models of addiction and permit the study of rodents that, simi-
lar to humans, choose to take cocaine or another drug of abuse.
Both of these paradigms have been used extensively to identify
transient and long-lasting changes induced by drugs of abuse
in mesolimbic and corticolimbic regions (Freeman et al., 2008).
Because of the characteristics and operation principles of the
5-CSRTT, the 10% milk solution was provided as the only source
of liquids for the animal to keep strong motivation to com-
plete the task (Supplemental Materials). Thus, in the present
study, a schedule of repeated heroin administration was used
to examine the possible interaction between heroin-induced
cognitive impairment and activation of dopamine receptors in
mice. However, it should be noted that the human studies of

drug abusers and much of the experimental evidence involves
self-administration of opioids or psychostimulants. There are
specific differences between the investigator-administration of
a drug and drug self-administration, and our data shall take this
into consideration for better interpretation and understanding.

Taken together, we demonstrated that heroin-induced cog-
nitive impairment in the 5-CSRTT, including the attention,
motivation, compulsivity, and most importantly impulsivity,
were influenced by both the D, and D, receptors. Although in
the present study, brain region drug infusion was not performed
to examine the brain region-specific function of D,/D, receptors
in impulsivity, the results of systemic application of D, and D,
receptor agonists/antagonist and the results of D,”-and D,” mice
on premature responses were robust and consistent, which sup-
ported the notion that impulsive behavior is critically and oppo-
sitely modulated by D, and D, receptor activation. Moreover, the
D, receptors in the cortical-mesolimbic region play an indispen-
sable role in modulating such behaviors.
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