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Abstract

Cocaine is a highly abused drug and cocaine addiction affects millions of individuals worldwide.
Cocaine blocks normal uptake function at the dopamine transporter (DAT), thus increasing
extracellular dopamine. Currently, no chemical therapies are available to treat cocaine abuse.
Previous works showed that the selective inhibitors of protein kinase CB (PKCp), enzastaurin and
ruboxistaurin, attenuate dopamine overflow and locomotion stimulated by another
psychostimulant drug, amphetamine. We now test if ruboxistaurin similarly affects cocaine action.
Perfusion of 1 uM ruboxistaurin directly into the core of the nucleus accumbens via retrodialysis
reduced cocaine-stimulated increases in dopamine overflow, measured using microdialysis
sampling, with simultaneous reductions in locomotor behavior. Because cocaine activity is highly
regulated by dopamine autoreceptors, we examined whether ruboxistaurin was acting at the level
of the D2-autoreceptor. Perfusion of 5 uM raclopride, a selective D2-like receptor antagonist,
before addition of ruboxistaurin abrogated the effect of ruboxistaurin on cocaine-stimulated
dopamine overflow and hyperlocomotion. Further, ruboxistaurin was inactive against cocaine-
stimulated locomotor activity in mice with a genetic deletion in D2 receptors as compared to wild
type mice. In contrast, blockade or deletion of dopamine D2 receptors did not abolish the
attenuating effect of ruboxistaurin on amphetamine-stimulated activities. Therefore, the inhibition
of PKCp reduces dopamine overflow and locomotor activity stimulated by both cocaine and
amphetamine, but the mechanism of action differs for each stimulant. These data suggest that
inhibition of PKCP would serve as a target to reduce the abuse of either amphetamine or cocaine.

Author Contributions: A.G.Z. and Y.K. performed the experiments and collected the data. A.G.Z., R.T.K., and M.E.G. analyzed the
data, wrote, and edited the manuscript. C.A.C. performed the genomic analysis on mice and edited the manuscript. M.J.L. provided
the transgenic D2-Knockout mice and edited the manuscript.
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Introduction

Amphetamine and cocaine are euphoric stimulants that cause mania, tachycardia, and
hedonia by increasing extracellular dopamine.! Despite the high economic and social costs
of stimulant abuse, no therapeutics have been approved to treat abuse of these drugs. Our
studies suggest that a novel target for reducing amphetamine abuse would be protein kinase
CB (PKCP). We and others have previously shown that inhibition or deletion of PKC,
especially the B subtype, reduces amphetamine-stimulated neurochemical effects and
locomotion2-5. Amphetamine activates PKC®% likely through a flux of intracellular calcium
(Ca?+)8: 8, Numerous reports suggest a positive relationship between stimulation of PKC
and outward transport through the dopamine transporter (DAT)>7: 910-11 pKC
phosphorylates N-terminal serines of DAT; phosphorylation of these sites is reported to be
permissive for reversal of the transporter and efflux of dopamine into the extracellular
spacel?-14 PKC inhibitors effectively block amphetamine-stimulated reverse transport, but
not influx through the DAT24. This result is consistent with the finding that conditions that
increase the outward conformation of DAT correlate with increased PKC activity®.

Cocaine also increases extracellular dopamine, but by a mechanism different from that of
amphetamine. Cocaine blocks dopamine re-uptake but is not a substrate for DAT and does
not evoke reverse transport. As a result, cocaine requires neuronal dopamine release to be
effective (See schematic in Figure 6). Evidence suggests that acute cocaine does not directly
increase PKC activity!®; although, indirect activation of PKC by cocaine via activation of
dopamine D2 receptors has been reported.18 If PKC inhibitors reduce amphetamine-
stimulated dopamine efflux and behaviors by halting a PKCp-related reversal of the
dopamine transporter, then one might expect PKCp inhibitors to have no immediate effect
on cocaine-stimulated dopamine overflow and related hyperactivity.

Increases in the levels of extracellular dopamine elicited by cocaine are also modulated by
dopamine autoreceptors’-18, particularly in the basal ganglia. Deletion of D2 autoreceptors
results in increases in cocaine-stimulated locomotion!® and enhanced acquisition of cocaine-
taking behaviors2? whereas activation of D2/D3 subtype dopamine autoreceptors in the
ventral tegmental area reduced cocaine-reinstated drug-seeking behavior?1-22, Therefore,
PKC could affect cocaine function by modulating dopamine autoreceptor function.
Supporting this idea, Cubeddu et al23 reported that PKC activation reduced the effectiveness
of release-modulating dopamine receptors located on dopamine terminals. The postulate of
Cubeddu?3 that PKC activation would reduce surface levels of the D2-type autoreceptors
was verified in cultured cells?* and in rat striatal synaptosomes?®. We found that inhibition
or deletion of PKCP enhanced the D2 autoreceptor-mediated decrease in dopamine release
following depolarization in rat striatum and enhanced surface levels of D2-like receptors in
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mouse striatal synaptosomes2. In other words, inhibition of PKCP enhanced autoreceptor
function and promoted inhibition of dopamine release.

Previously, we demonstrated that the PKC inhibitors ruboxistaurin and enzastaurin, when
delivered directly into the core of the nucleus accumbens, attenuated amphetamine-
stimulated dopamine efflux /n vivo as measured by microdialysis with liquid
chromatography- tandem mass spectrometry (LC-MS/MS)%. These PKCB inhibitors did not
affect basal levels of dopamine nor did they affect uptake by DAT as measured in striatal
synaptosomes. In this study, we show that ruboxistaurin attenuates cocaine-stimulated
increases in extracellular dopamine, metabolites of dopamine, and locomotion. The
effectiveness of the PKCP inhibitor was significantly reduced when D2-like dopamine
receptor activity was blocked by either intra- accumbens raclopride, an antagonist at both D2
and D3 dopamine receptors, or by deletion of D2 receptors, suggesting a D2 receptor- and
perhaps D3 receptor-controlled mechanism. These studies demonstrate that ruboxistaurin
inhibits the effects of cocaine as well as those of amphetamine, but by a different
mechanism.

Results and Discussion

Effect of ruboxistaurin on cocaine-stimulated dopamine overflow and locomotion

in vivo microdialysis and LC-MS/MS were utilized to measure neurochemical changes in
analyte overflow in the core of the nucleus accumbens. Probe placements were determined
using histology and are shown in Figure 1. Either vehicle or the selective PKCp inhibitor,
ruboxistaurin, was perfused directly into the core of the nucleus accumbens via retrodialysis
1 h prior to injection of 15 mg/kg cocaine /p. to test its effect on cocaine-stimulated
increases in overflow of dopamine, dopamine metabolites, and locomotion. As shown in
Figure 2a, ruboxistaurin significantly decreased cocaine-stimulated overflow of dopamine.
In a 2-way repeated measures ANOVA (n = 6 for both groups), there was significance for
time (F (39, 390) = 7.951, p<0.0001) and the interaction of ruboxistaurin and time (F (39,
390) = 3.222, p < 0.0001) while ruboxistaurin itself was just shy of significance (F (1, 10) =
4.916, p = 0.05). Similarly, ruboxistaurin significantly decreased 3-methoxytyramine (Figure
2b), which is the initial product of extracellular dopamine metabolism due to postsynaptic
catechol-O- methyltransferase (COMT) activity. In 2-way repeated measures ANOVA, there
was significance for time (F (39, 390) = 3.103, p < 0.0001), ruboxistaurin (F (1, 10) = 8.5, p
= 0.015) and the interaction of ruboxistaurin and time (F (39, 390) = 2.239, p < 0.0001).
There was no significant change in dihydroxyphenylacetic acid (DOPAC), a primarily
presynaptic dopamine metabolite due to monoamine oxidase activity, in response to
ruboxistaurin (Figure 2c¢). Locomotor activity of the animals was measured simultaneously
with microdialysis by the use of a Raturn, a bench- top counter-balanced arm and tethering
system. Treatment with ruboxistaurin significantly decreased cocaine-stimulated locomotor
behavior as measured simultaneously with collection of the analytes (Figure 2d). In a 2-way
repeated measures ANOVA, there was statistical significance for time (F (39, 390) = 7.037,
p = 0.0001), ruboxistaurin (F (1, 10) = 9.006, p = 0.013) and interaction between
ruboxistaurin and time (F (39, 390) = 2.445, p < 0.0001).
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Effect of D2/D3 dopamine receptor blockade on ruboxistaurin action

We previously reported similar results for the inhibition of amphetamine-evoked activities
by two selective PKCP inhibitors, ruboxistaurin and enzastaurin®. The effect of the PKC
inhibitors is attributed to the inhibition of amphetamine-stimulated phosphorylation which
would then reduce reverse transport through the DAT?2 626 Activation of PKC by cocaine in
the striatum and nucleus accumbens has been demonstrated but the effect is indirect through
the activation of dopamine receptors?’~28, Acute cocaine had no effect on PKC activity in
the medial prefrontal cortex1®.

We hypothesized that ruboxistaurin could be inhibiting cocaine activity by enhancing the
effectiveness of D2/D3 autoreceptors, as dopamine autoreceptor activation significantly
reduces cocaine-stimulated activities19-20. 22, 29 T test this hypothesis, we used the D2/D3
dopamine receptor antagonist, raclopride, to block D2/D3 receptors. Pilot experiments
showed that infusion of 5 uM raclopride was effective in increasing cocaine-stimulated
dopamine overflow (Figure 3a), which would be expected if dopamine autoreceptors were
blocked. In 2way repeated measures ANOVA, there was statistical significance for time (F
(39, 312) = 8.466, p < 0.001), raclopride (F (1, 8) = 16.73, p = 0.0035) and the interaction of
raclopride and time (F (39, 312) = 2.177, p < 0.0001). Perfusion with raclopride did not
enhance the peak response to cocaine, but did extend the duration of dopamine overflow in
response to cocaine. In contrast to the effect of raclopride on cocaine-stimulated dopamine
overflow, cocaine-stimulated locomotor activity was significantly reduced by raclopride as
compared to vehicle (Figure 3b). In a 2-way repeated measures ANOVA, there was
statistical difference for time (F (39, 312) = 6.916p < 0.0001), raclopride (F (1, 8) = 20.99, p
=0.0018), and the interaction of raclopride and time (F (39, 312) = 2.965, p < 0.0001). We
did not note stereotyped behavior in the rats receiving cocaine and raclopride. Dopamine
D2/D3 receptor antagonists reduce cocaine- stimulated locomotor behavior,3%-3! likely due
to inhibition of postsynaptic D2/D3 receptors32-33 or dopamine heteroreceptors on non-
medium spiny cells34,

We then evaluated if raclopride infused into the nucleus accumbens before application of 1
UM ruboxistaurin would mitigate the consequences of PKC inhibition on cocaine effects. As
opposed to the striking inhibitory effect of ruboxistaurin on cocaine-stimulated dopamine
overflow in the absence of raclopride, ruboxistaurin had no effect on cocaine-stimulated
increases in extracellular dopamine following pretreatment with raclopride (Figures 3c).
This result was also true for the metabolite 3-methoxytyramine (data not shown). These data
strongly suggest that D2/D3 receptors must be available to substrates for the PKC3 inhibitor
to be effective. While it is possible that the elevation in dopamine induced by raclopride
could be masking an inhibitory effect of ruboxistaurin, the evidence presented below in
Figures 4 and 5, suggest this is not the explanation. Amphetamine produces a much greater
elevation in dopamine than does cocaine, and this elevation is readily reduced by
ruboxistaurin (Figure 4). Further, ruboxistaurin had no effect on cocaine-stimulated
locomotor behavior in D2 receptor knockout mice, which would mimic D2 receptor
blockade (Figure 5d). We demonstrated previously that a lack of PKCP activity, through
either deletion or specific inhibitors, enhanced the D2 autoreceptor inhibition of dopamine
release in rat striatum following both chemical and electrical stimulations.2®> Activation of
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PKC, including PKCB, reduces dopamine autoreceptor function?® and internalizes D2 and
D3 dopamine receptors in heterologous cells.24 3% Inhibition of PKCp increases the surface
content of D2/D3 receptors in striatal synaptosomes which would account for the increased
efficacy of the dopamine autoreceptors?® (see schematic and legend in Figure 6). There is
another mechanism by which PKCp could alter dopamine overflow. Activation of dopamine
receptors increases the reuptake of dopamine by increasing the surface content of the
dopamine transporter through a mechanism dependent on extracellular receptor protein
kinase36:37-39, We demonstrated that PKCP was required for this activation and was
upstream of the extracellular receptor protein kinase.%0 In any event, the increase in D2/D3
receptors resulting from inhibition of PKCp would either reduce vesicular exocytosis of
dopamine or increase surface levels of dopamine transporter or both.

Effect of raclopride on ruboxistaurin-amphetamine interactions

We next examined whether or not D2/D3 autoreceptors were involved in the inhibition of
amphetamine-stimulated activities by ruboxistaurin. Figure 4a shows that pretreatment with
5 UM raclopride had no effect on dopamine overflow activated by amphetamine; moreover,
there was no effect of raclopride on amphetamine-stimulated locomotor activity (Figure 4b).
Our result is in agreement with prior studies showing that amphetamine-stimulated
dopamine overflow is not dependent on dopamine autoreceptors*}=42. Dopamine
autoreceptors may not strongly influence the reverse-transport function of amphetamine, but
increases in extracellular dopamine elicited by amphetamine desensitize dopamine
autoreceptor function3-44. Although raclopride, administered locally in the nucleus
accumbens, did not block amphetamine- stimulated locomotion in these experiments, D2
receptor antagonists given peripherally do reduce this activity*>-46. In the case of
amphetamine, as opposed to cocaine, local D2/D3 receptors may not have a significant
effect on locomotor activity.

In examining the effect of raclopride pretreatment on ruboxistaurin action, the results
differed between cocaine and amphetamine. Preincubation with raclopride did not alter the
inhibition of amphetamine-stimulated dopamine overflow (Figure 4a) or locomotion (Figure
4b) by ruboxistaurin. Infusion of 1 UM ruboxistaurin, given after raclopride, significantly
inhibited amphetamine-stimulated dopamine overflow (Figure 4a). In a 2-way repeated
measures ANOVA, significance is attained for time (F (39, 312) = 7.389, p < 0.000),
ruboxistaurin (F(1, 8) = 53.99, p < 0.0001), and the interaction of ruboxistaurin and time
(F(39, 312) = 1.889, p = 0.0017). Similarly, pretreatment with raclopride did not interfere
with the inhibition of amphetamine-stimulated locomotor behavior by ruboxistaurin. In a 2-
way repeated measures ANOVA, significance is attained for time (F (39, 351) = 7.091, p =
0.0001), ruboxistaurin (F (1, 9) = 11.41, p = 0.0082), and the interaction of ruboxistaurin
and time (F (39, 351) = 1.509, p = 0.03). These data demonstrate that the inhibition of
amphetamine-stimulated dopamine overflow and locomotion by ruboxistaurin does not
require D2/D3 receptors, including D2/D3 autoreceptors.
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Effects of ruboxistaurin on cocaine and amphetamine activities in D2 receptor knockout

mice

To buttress the finding that D2-like receptors are required for the PKCO inhibitor to inhibit
cocaine but not amphetamine action, we investigated the effect of ruboxistaurin on cocaine-
and amphetamine-stimulated locomotor behavior in mice containing a genetic deletion of
the D2 receptor?’. Despite being constitutive knockouts, D2 receptor knockout (KO) mice
have no autoreceptor function*! showing a lack of compensation for that activity by other
dopamine receptors.

WT and D2-receptor KO mice were tested for locomotor activation by cocaine or
amphetamine in the presence or absence of 10 pmol of ruboxistaurin injected into the
nucleus accumbens. As shown in Figure 5, the locomotor results in the D2 receptor-deficient
mice recapitulated the data obtained using raclopride in the rat. Ruboxistaurin attenuated
locomotion stimulated by cocaine in the wildtype mice as compared to vehicle, but not in the
D2 receptor KO mice (Figures 5a and 5b). For the WT mice (n=4 for all groups), in 2-way
repeated measures ANOVA, there was a significant effect of time (F (29, 174) = 12.24,p <
0.0001), ruboxistaurin (F (1, 6) = 30.18, p = 0.0015) and interaction between ruboxistaurin
and time (F (29, 174) = 4.537, p < 0.0001). On the other hand, as shown in Figures 5c and
5d, ruboxistaurin significantly attenuated amphetamine-stimulated locomotion in both WT
(in 2-way RM ANOVA, F (29, 174) = 8.645, p < 0.0001 for time, F (1, 6) = 11.74, p=0.014
for ruboxistaurin, and F (29, 174) = 4.16, p < 0.0001 for interaction of ruboxistaurin and
time) and D2 receptor KO mice (2-way RM ANOVA, F (29, 174) = 17.29, p < 0.0001 for
time, F (1, 6) = 18.65, p = 0.005 for ruboxistaurin and F (29, 174) = 5.401, p < 0.0001 for
the interaction of ruboxistaurin and time) vs. the vehicle.

Examination of Figures 5a and 5b shows that the locomotor behavior in the D2 receptor KO
mouse is actually greater than that of the WT mouse (Supplementary Figure 1). In a 2-way
RM ANOVA, statistical significance is shown for time (F (29, 174) = 1.605, p < 0.0001),
genotype (F (1, 6) = 9.102, p < 0.05) and the interaction between time and genotype (F (29,
174) = 1.605, p < 0.05). The increase in locomotor behavior in response to cocaine that we
see in the mice having a global deletion of D2 receptors resembles the enhanced locomotor
response to cocaine in mice having a selective deletion of D2 autoreceptors.19 However, in
contrast to our results, reductions in methamphetamine- and cocaine-induced locomotor
activity#8—49 are reported for the constitutive D2 receptor KO mice. We cannot fully explain
the discrepancies in responses at this time. One obvious difference is the methods used for
measurement of locomotor behavior. In Neve et al.#8, which reported decreased locomotor
activity in response to methamphetamine in the D2 receptor KO mice, locomotor activity
was measured by a beam- break apparatus after two days of habituation with saline
injections. Our mice were habituated overnight, but locomotor behavior in our experiments
is measured in a stand-alone animal behavior chamber, raturn, which may measure a
different aspect of locomotor behavior.

In our experiments, we are measuring overall changes in locomotor activity to obtain a read-
out with which to compare to dopamine overflow in the same animal. It is possible that
remaining D3 receptors have an effect on amphetamine-stimulated locomotor activity since
D3 receptors seem to contribute to this activity®0. Interestingly, no difference in
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amphetamine- induced dopamine efflux from striatal synaptosomes was found between WT
and D2 receptor KO mice*!. One might imagine that a change in dopamine transporter
content or function would also account for alterations in dopamine efflux or stimulant-
induced locomotor behavior in between WT and D2 receptor KO mice. Comparisons of
dopamine transporter function in WT versus D2 receptor KO mice have resulted in diverse
findings. Some have reported no change®!, a decrease®? or an increase in dopamine uptake
and transporter function®3. It is highly likely that methodological differences account for the
disparate results. Therefore, it is difficult to postulate how a change in dopamine transporter
function might account for the results in Figure 5.

This study points to the important role of PKC in regulating monoamines at different
levels. We have made the novel finding that ruboxistaurin, a PKC inhibitor, inhibits
dopamine overflow and locomotor activity stimulated by either amphetamine or cocaine.
Importantly, the mechanism by which ruboxistaurin affects the activity of each stimulant is
different (see Figure 6). Use of the D2/D3 receptor inhibitor, raclopride, revealed that
ruboxistaurin must be affecting the activity of the dopamine autoreceptor to reduce cocaine-
stimulated activities. On the contrary, the regulation of amphetamine-stimulated activities by
PKC would appear to simply affect transporter function. Amphetamine that has been
transported through the dopamine transporter will activate PKCP and elicit phosphorylation
of PKC substrates® such as the neuronal protein, growth-associated protein-43
(GAP-43)7:55, The activation of PKC stimulates reverse transport of DAT®: 11 and dopamine
overflow is blocked by dopamine transporter blockers. These conclusions were bolstered by
the results using wild type and D2 receptor KO mice; ruboxistaurin inhibited cocaine-
stimulated behavior in the wild type but not the knockout mice, but was fully able to inhibit
amphetamine-stimulated locomotion in both genotypes. Taken together, these studies
suggest that inhibition of PKC is a viable strategy to limit abuse of either amphetamine or
cocaine. A PKC inhibitor synthesized by our group was affective against a motivated
behavior stimulated by amphetamine (self-administration) as well as amphetamine-
stimulated locomotor behavior6.

Methods and Materials

Materials

All chemicals and reagents were purchased from Sigma Aldrich (St. Louis, MO) unless
otherwise noted. Artificial cerebral spinal fluid (aCSF) was comprised of 145 mM NacCl,
2.68 mM KCl, 1.01 mM MgSOy, 1.22 mM CaCl,, 1.55 mM NapyHPOy, 0.45 mM NaH,PO4
(salts from Fisher Scientific, Pittsburgh, PA). Vehicle for ruboxistaurin was 0.05%
dimethylsulfoxide (DMSQO) in aCSF. Cocaine hydrochloride and amphetamine d-sulfate
were purchased from the University of Michigan hospital (Ann Arbor, MI). Ruboxistaurin
was obtained from NIDA-NIH (Bethesda, MD).

Microdialysis

Probes were constructed as previously described®’. Briefly, 75/150 pm (i.d./0.d.) fused silica
capillaries (Polymicro Technologies, Phoenix, AZ) were glued together with a 2 mm offset.
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The capillaries were ensheathed in a regenerated cellulose membrane with both ends sealed
by polyimide resin (Grace, Deerfield, IL).

Male Sprague-Dawley rats (approximately 2 months old and 250-300 g) were obtained from
Harlan (Envigo). Procedures and housing were approved by the University Committee for
the Use and Care of Animals at the University of Michigan. Animals were anesthetized with
5% isoflurane and placed in a stereotaxic frame. A burr hole was drilled where the probe
was to be inserted (+1.7 A/P, £1.4 M/L, - 7.5 D/V in reference to bregma) to sample from
the nucleus accumbens core®8. Probes were implanted bi-laterally and measurements for
both probes in each animal were averaged for a single replicate. The probes were lowered
7.5 mm from bregma. Additional burr holes were drilled for anchor screws and dental
cement (A-M systems Inc., Sequim, WA) was used to hold the probes in place.

Immediately after probe insertion, animals were allowed to recover and acclimate in the
Raturn testing chamber (Bioanalytical Systems, Inc., West Lafayette, IN) for 24 h. Prior to
the beginning of the experiment, the probes were attached to inlet and outlet fluid lines. The
rat was tethered to the balance arm of the Raturn. The microdialysis probe was perfused with
aCSF at a flow rate of 1 puL/min for 1 h before the experiments began. Probe placements
were checked with histology (see Figure 1).

Cocaine and Amphetamine Administration

For each microdialysis experiment, 30 min of baseline samples were collected in three- min
fractions. Following baseline collection, 1 uM ruboxistaurin or vehicle, (0.05% DMSOQO in
aCSF), was perfused into the core of the nucleus accumbens for the rest of the experiment
(90 min). 30 min after administration of ruboxistaurin, an intraperitoneal (7.p.) injection of
vehicle (saline), cocaine (15 mg/kg) or amphetamine (2 mg/kg) was given to the rat and
fractions were collected for 1 h. In some experiments, the dopamine D2-like receptor
antagonist, raclopride (5 uM), was administered by retrodialysis 15 min before
administration of ruboxistaurin (1 uM) followed 30 min later by cocaine or amphetamine, as
described above. Throughout each experiment, 3 min fractions were collected at a rate of 1
pl/min.

Locomotor Behavior Analysis

While animals were undergoing microdialysis, their movement was recorded using Logitech
webcams (Apples, Switzerland) as previously described.4 59-60 Data are expressed in terms
of absolute locomotor activity as calculated by the detection software.

Sample derivatization

Each dialysate or standard sample was derivatized with benzoyl chloride and analyzed as
described previously.%1 Briefly, samples were sequentially mixed with 100 mM sodium
carbonate, benzoyl chloride (2% in acetonitrile, v/v), and internal standard in a 2:1:1:1
volume ratio. Internal standard was comprised of 10 uM 3,4-dihydroxyphenylacetic acid, 3-
methoxytyramine, homovanillic acid, and dopamine reacted with 13Cg-benzoyl chloride in
100 mM sodium tetraborate which was then diluted 1:100 in DMSO and 1% formic acid
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(v/v). The samples were analyzed on a Thermo TSQ LCMS.%2 Mobile phase A was 10 mM
ammonium formate and 0.15% (v/v) formic acid in water. Mobile phase B was acetonitrile.
The gradient was: initial, 5% B; 0.1 min, 19% B; 1 min, 26% B; 1.5 min, 75% B; 2.50 min,
100% B; 3.0 min, 100% B; 3.1 min, 5% B; 3.5 min, 5% B; 4.0 min, 0% B. The peak areas of
each analyte were divided by the area of the internal standard for quantification.

D2-receptor knockout mice

Statistics

All procedures were approved by the IACUC at the University of Michigan and followed the
Public Health Service guidelines for the humane care and use of experimental animals. Mice
were housed in ventilated cages under controlled temperature (~23°C) and photoperiod (12-
h light/12-h dark cycle, lights on from 6 a.m. to 6 p.m.), with tap water and laboratory chow
(LabDiet, 5L0D) containing 28.5 kcal% protein, 13.5 kcal% fat, and 58.0 kcal%
carbohydrate available ad libitum. Mouse Drd2 genomic sequences were targeted with a
PGK-neo cassette between Sacl (GAGCTC) and Apa | (GATATC) sites.3 The PGK-Neo-
bGH polyA cassette replaced exon 8 sequences that encode most of the 6°th and all of the
7°th TM domains, the third extracellular loop, and the intracellular C-terminal domain. A
total of 1,221 bp are deleted from the Drd2 gene by the neo cassette insertion. Without
normal splicing of exon 7 to exon 8 any transcribed mRNA from the mutant D2arlocus is
rapidly degraded and no functional D2 receptor can be produced. The mice used in this
study had been backcrossed onto the C57BL/6J genetic background for 30 consecutive
generations. They were genotyped with a polymerase chain reaction (PCR) using genomic
DNA extracted from the tail tip. Sibling wildtype and homozygous D2 receptor deletion
mice derived from mating pairs of heterozygous mice were used in the experiments.

For locomotor experiments, mice were anesthetized for approximately 2 min with 5%
isoflurane. The mice were given either an injection of 10 pmol of ruboxistaurin or vehicle
(DMSO) in the core of the nucleus accumbens (A/P + 1.7, M/L £ 1.4, D/V - 7.5) in
reference to bregma using a stereotaxic instrument and Harvard Apparatus syringe pump at a
flow rate of 1 uL/min. The mice were then allowed to recover in the BASi Raturn (West
Lafayette, IN) for approximately 4 h with bedding and food provided. Four h after the mice
were placed in the Raturn, the baseline locomotor activities of wild type or knockout mice
were recorded using a camera and Matlab software for approximately 30 min. After 30 min,
control and knockout mice (injected with either ruboxistaurin or vehicle) were given an /7.p.
injection of 2 mg/kg amphetamine or 15 mg/kg of cocaine. Locomotor counts were
subsequently collected for 1 h. The mice were then euthanized with an overdose of sodium
pentobarbital.

Data were analyzed for statistical significance using Graphpad Prism 7 by a 2-way repeated
measures analysis of variance. In the 2-way ANOVA, post hoc comparison was made by
comparing the means of control versus drug group at each time point using Bonferroni
analysis. Statistical significance was set at p < 0.05.
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ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Microdialysis Probe placements targeting the core of the nucleus accumbens during

microdialysis experiments for data in Figures 2—4.
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Figure 2: Pretreatment with ruboxistaurin reduces effectiveness of cocaine in stimulating
dopamine over flow and locomotor behavior.

At 30 min of baseline collection, vehicle (Meh) or 1 uM ruboxistaurin (Rubox) was perfused
into the core of the nucleus accumbens for the remaining duration of the experiment. A 15
mg/Kkg £p. injection of cocaine (Coc) was given 30 min later (at time zero) and fractions
were collected for an additional h. Perfusion with ruboxistaurin attenuates cocaine-
stimulated overflow of a. dopamine; b. 3-methoxytyramine (3MT); and d. locomotor
activity. c. Neither cocaine nor ruboxistaurin affected dihydroxyphenylacetic acid (DOPAC)
levels. Results are given as % Baseline or locomotor counts (counts) + standard error of the
mean (sem) (n=6). In post-hoc Bonferroni multiple comparison test, *p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001 as compared to ruboxistaurin- treated samples.
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Figure 3. Pretreatment with raclopride enhances cocaine-stimulated dopamine overflow (a) but
inhibits cocaine-stimulated locomotor behavior (b).

In a,b, fifteen min of baseline were collected followed by perfusion of vehicle (\Veh) or 5 uyM
raclopride (Rac) into the core of the nucleus accumbens for the remaining duration of the
experiment (90 min). At 1 h (0 time), a 15 mg/kg injection of cocaine (Coc) was given /p.
and fractions were collected for an additional h. a. In post hoc Bonferroni multiple
comparison test, * p < 0.05, ***, p < 0.001, n =5. b. In post hoc Bonferroni multiple
comparison test, *p < 0.02, n = 5. In ¢,d. pretreatment with raclopride blocks inhibition of
cocaine-stimulated dopamine overflow (c.) and locomotor activity (d.) by 1 uM
ruboxistaurin. Raclopride was perfused after 15 min (—45 min) and either vehicle (Rac +
Veh, n=5) or 1 uM ruboxistaurin (Rac + Rubox, n=5) was perfused at =30 min). At 1 h (0
time), a 15 mg/kg i.p., injection of cocaine was given. Results are expressed as % baseline or
locomotor counts in 1 h after addition of cocaine + sem.
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Figure 4: Pretreatment with raclopride did not change dopamine over flow (a) or locomotion (b)
elicited by amphetamine and did not block inhibition by ruboxistaurin (c,d).

In a,b, 15 min of baseline were collected followed by perfusion of 5 uM raclopride (Rac)
into the core of the nucleus accumbens for the rest of the experiment (105 min). At 1 h (time
0), a 2 mg/kg injection of amphetamine was given /.p. and fractions were collected for 1
additional h. a. vehicle n=6; raclopride n=6. b. vehicle n=6, raclopride, n=5. In c,d,
pretreatment with raclopride did not block inhibition of amphetamine-stimulated dopamine
overflow (c) and locomotor activity (d) by 1 uM ruboxistaurin. The experiment was
conducted as above, but vehicle (Rac + Veh) or 1 uM ruboxistaurin (Rac + Rubox) was
perfused at =30 min (n =5). At 1 h (0 time), a 2 mg/kg /.p., injection of amphetamine was
given. Results are expressed as % baseline or locomotor counts in 1 h + sem. c. In post-hoc
Bonferroni multiple comparison test, *p < 0.05, n = 5. d. In post-hoc Bonferroni multiple
comparison test, *p < 0.05. n = 5.
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Figure5: The effects of amphetamine and cocaine administration on wildtype and D2-
autoreceptor knockout mice.

Wildtype (WT) and D2-autoreceptor Knockout (KO) C57BI mice were tested with cocaine
(Coc), amphetamine (AMPH), ruboxistaurin (Rubox), and vehicle (\eh) and locomotor
behavior was measured in a raturn. The animals were given an injection of 10 pmol
ruboxistaurin or vehicle into the core of the nucleus accumbens and allowed to recover after
4 h. 30 min of basal locomotor activity was recorded followed by an injection of 2 mg/kg
1.p. of amphetamine or 15 mg/kg /.p. of cocaine. The injection of ruboxistaurin attenuated
cocaine-stimulated increases in locomotion in wildtype (a), but not in D2-autoreceptor
knockout (b) mice. The injection of ruboxistaurin also attenuated amphetamine-stimulated
locomotion in WT (c) mice and KO mice (d). Results are given as locomotor counts +
standard error of the mean (sem) (n=4). In post-hoc Bonferroni multiple comparison test, *p
< 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 WT/D2R-KO mice, n=4.
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Figure 6: Ruboxistaurin inhibits dopamine overflow €elicited by amphetamine (AMPH) and
cocaine by two different mechanisms. a. (Cocaine, |eft side).

Cocaine increases extracellular dopamine by blocking the dopamine transporter4. Because
cocaine blocks the reuptake of dopamine at the dopamine transporter that has been released
by exocytosis, its effect will be regulated by D2-like autoreceptor activity. PKC activation
normally inhibits dopamine autoreceptor activity by reducing surface expression of D2
receptors which will contribute to the concentration of extracellular dopamine24-25.65 g,
(Cocaine + rubox, right side) Ruboxistaurin inhibits PKC, increasing the surface
expression of D2 autoreceptors by blocking their internalization thus enhancing their
effectiveness in inhibiting exocytosis of dopamine. This leads to a reduction in extracellular
dopamine (dopamine overflow). b. (AMPH, left side) The mechanism of amphetamine
action is dependent on the dopamine transporter. Amphetamine is a substrate for the
dopamine transporter and will elicit dopamine efflux through reversal of the transporter®6.
Amphetamine activity does not depend on dopamine exocytosis and is not significantly
regulated by dopamine autoreceptors*1-42, Amphetamine that is taken up through the
transporter activates PKCB8~7 which potentiates reversal of the transporter and dopamine
efflux> 2. b. (AMPH + Rubox, right side) Blockade of PKCP reduces the outward
transport of dopamine but does not affect inward transport?—4 10-11,54-55 The end result of
ruboxistaurin action on activation by either cocaine or amphetamine is a reduction in
extracellular dopamine (or norepinephrine) and a reduction in stimulant-induced locomotor
activity.
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