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Abstract

Recent studies reveal that cocaine experience results in persistent neuroadaptive changes within
glutamate (Glu) synapses in brain areas associated with drug reward. However, it remains unclear
whether cocaine affects Glu release in drug-naive animals and how it is altered by drug
experience. By using high-speed amperometry with enzyme-based and enzyme-free biosensors in
freely moving rats, we show that an initial intravenous cocaine injection at a low self-
administering dose (1 mg/kg) induces rapid, small and transient Glu release in the nucleus
accumbens shell (NAc), which with subsequent injections rapidly becomes a much stronger, two-
component increase. Using cocaine-methiodide, cocaine’s analogue that does not cross the blood-
brain barrier, we confirm that the initial cocaine-induced Glu release in the NAc has a peripheral
neural origin. Unlike cocaine, Glu responses induced by cocaine-methiodide rapidly habituate
following repeated exposure. However, after cocaine experience this drug induces cocaine-like
Glu responses. Hence, the interoceptive actions of cocaine, which essentially precede its direct
actions in the brain, play a critical role in experience-dependent alterations in Glu release, cocaine-
induced neural sensitization and may contribute to cocaine addiction.
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INTRODUCTION

The development of cocaine addiction in humans requires repeated experience with the
drug. While repeated exposure to cocaine results in widespread changes in the brain and
behavior, the mechanisms underlying these alterations and the processes by which they
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occur remain poorly understood. In addition to morphological (Robinson and Kolb 2004)
and biochemical changes (Berke and Hyman 2000) induced by repeated cocaine exposure in
rats, recent in vitro electrophysiological data reveal long-lasting changes in synaptic strength
in brain areas associated with drug reward, particularly in the mesocorticolimbic dopamine
(DA) and corticostriatal glutamate (Glu) systems (Hyman et al. 2006; Kalivas and O’Brien
2008; Luscher and Malenka 2011; Ungless et al. 2001). These drug-induced
neuroadaptations within Glu synapses correlate with the enhancement of DA responses and
the development of locomotor sensitization (Borgland et al. 2004; Ungless et al. 2001).
Despite increasing evidence of synaptic plasticity within the Glu system at the postsynaptic
receptor level, our knowledge on cocaine-induced changes in Glu release, another dynamic
component of Glu transmission, remains more limited.

In the nucleus accumbens (NAc), the primary target of mesocorticolimbic DA neurons, Glu
levels have been shown to increase after a cocaine challenge, but only in rats with extensive
drug exposure that also show a sensitized locomotor response to the drug (Pierce et al.
1996). Glu levels also moderately increase in the NAc and ventral tegmental area (VTA)
during cocaine self-administration, but larger Glu elevations have been found during the
extinction of lever-pressing behavior (Suto et al. 2010; You et al. 2007). While these data
indicate that cocaine-induced effects on Glu release may be experience-dependent and more
tightly correlated with drug-seeking and drug-taking behavior, they also suggest that
changes in Glu release are a slow process requiring extensive experience. However, these
and other studies involving cocaine (Ferrario et al. 2008; You et al. 2001) have used in vivo
microdialysis, which despite recent advances in rapid detection (Perry et al. 2009), has low
temporal resolution. These technical limitations place significant constraints on revealing
rapid Glu fluctuations, possibly explaining the inability to detect any changes in NAc Glu
following an acute cocaine injection in drug-naive rats (Venton et al., 2006).

High temporal resolution is particularly important for Glu measurements because of the
rapid nature of Glu transmission and exceptionally fast neural responses induced by cocaine.
Intravenous (iv) cocaine in awake, freely moving rats induces cortical EEG
desynchronization, robust increases in EMG activity, and excitation of most accumbal and
VTA neurons with second-scale onset latencies (Brown and Kiyatkin 2008; Kiyatkin and
Brown 2007; Kiyatkin and Smirnov 2010). The second-scale latencies of these cocaine-
induced neural responses also suggest a peripheral, neural trigger. Cocaine-methiodide
(cocaine-M), a peripherally acting analogue that cannot cross the blood-brain barrier (BBB)
(Hemby et al. 1994; Shriver and Long 1971; You et al. 2007), also induces equally rapid
cortical EEG desynchronization, EMG activation (Kiyatkin and Smirnov 2010), excitation
of NAc neurons (Kiyatkin and Brown 2007), and cocaine-like physiological effects (Brown
and Kiyatkin 2006). All of these excitatory neural responses to cocaine implicate Glu release
as their possible cause, but it remains unknown whether in fact this release occurs, how
rapid it is, and what mechanisms underlie this central response.

In the present study, enzyme-based, Glu-selective biosensors coupled with high-speed
amperometry were used to examine experience-dependent changes in NAc extracellular Glu
induced by iv cocaine in freely moving rats. This study builds upon our previous work,
which established the reliability of this technique and described physiological fluctuations in
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NAc Glu induced by natural arousing stimuli (Kiyatkin et al. 2013; Wakabayashi and
Kiyatkin 2012). With proper controls, this technique allows second-to-second measurement
resolution, a critical advantage for detecting rapid and relatively small drug- and behavior-
associated Glu fluctuations.

Three major goals were formulated for this study. First: to clarify the initial
pharmacological effects of cocaine on Glu release in drug-naive conditions and their
possible experience-dependent changes, we examined NAc Glu responses induced by
repeated iv cocaine injections at a low, behaviorally relevant dose (1 mg/kg) in awake,
freely moving rats. Since the behavioral effects of cocaine are enhanced or sensitized
following repeated exposure (Robinson and Berridge 1993), we combined electrochemical
recordings with the monitoring of locomotion. Second: to clarify the possible role of the
peripheral, interoceptive actions of cocaine in mediating its effects on Glu release, we
examined how NAc Glu levels are affected by cocaine-M. If the rapid, second-scale central
effects of regular, BBB-permeable cocaine hydrochloride are mediated by Glu release in the
NAC via the drug’s peripheral actions, cocaine-M, which acts only in the periphery, could
effectively induce a similarly rapid Glu release. However, since cocaine-M lacks central
actions, its acute effects and changes following repeated exposure may differ from those of
regular cocaine. Third and finally: if the peripheral actions of cocaine are involved in the
development of experience-dependent changes in Glu responses, cocaine-M may elicit a
conditioned, cocaine-like Glu response when given after cocaine experience. To verify this
mechanism, we examined the effects of cocaine-M on NAc Glu levels in cocaine-
experienced animals.

METHODS

Subjects and surgery

Data from 61 male Long-Evans rats (Charles River Laboratories) weighing 440140 g at the
time of surgery were used in this study. Rats were individually housed in a climate-
controlled animal colony maintained on a 12-12 light-dark cycle, with food and water
available ad libitum. All procedures were approved by the NIDA-IRP Animal Care and Use
Committee and complied with the Guide for the Care and Use of Laboratory Animals (NIH
Publication 865-23) and the UK ARRIVE guidelines.

Details of surgical preparations for electrochemical experiments were described in detail
elsewhere (Wakabayashi and Kiyatkin, 2012). Briefly, under general anesthesia (Equithesin
0.33 ml/100 g, ip; active ingredients: sodium pentobarbital, 32.5 mg/kg and chloral hydrate,
145 mg/kg), each rat was unilaterally implanted with BASi cannulae (Bioanalytical Systems,
West Lafayette, IN) for future insertions of the electrochemical sensor in the NAc shell.
Target coordinates were: AP +1.2 mm, ML +0.8 mm and DV +7.6 mm according to
coordinates of Paxinos and Watson (1998). The guide cannula hubs were fixed to the skull
with a head mount constructed from acrylic that was secured using stainless steel bone
screws. During the surgery, each rat was also implanted with a chronic jugular catheter,
which ran subcutaneously to the head mount and was secured to the head assembly. Rats
were allowed a minimum of 4 days of post-operative recovery; jugular catheters were
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flushed daily with 0.2 ml heparinized saline (15 units/ml) containing gentamicin (0.08 mg/
ml).

In vitro calibration and testing of electrochemical sensors

Commercially produced glutamate oxidase-based Glu sensors (Pinnacle Technology,
Lawrence, KS) were used in this study. Each sensor is prepared from platinum-iridium wires
of 180 um diameter, with a sensing cavity of ~1 mm length on its tip. The active electrode is
incorporated with an integrated Ag/AgCl reference electrode. On the active surface of Glu
sensors, glutamate oxidase converts Glu to a-ketoglutarate and H,O», which is detected as
an amperometric oxidation current generated by a +0.6 V applied potential (Hu et al. 1994).
The contribution of ascorbic acid to the measured current is competitively reduced by co-
localizing ascorbic acid oxidase on the active surface of the sensor that converts ascorbic
acid to non-electroactive dehydroascorbate and water. In addition, a negatively charged
Nafion polymer layer under the enzyme layer serves to exclude endogenous anionic
compounds.

To further reduce the contribution of chemical and physical interferents to electrochemical
recordings, we also used enzyme-free Glug sensors that were identically constructed but
lacked glutamate oxidase. When used in vivo, these sensors are exposed to the same physical
and chemical environment as Glu sensors but are fully insensitive to Glu. Therefore, the
difference between currents detected by Glu and Glug sensors provides the best possible
method for revealing actual changes in extracellular Glu levels. Electrochemical recordings
employing Glu and Glug sensors were conducted in different groups of rats to eliminate the
possibility of electrical cross-talk between sensors during an in vivo recording (see Kiyatkin
et al. 2013). The currents from both types of sensors were passed to a computer via a
potentiostat (Model 3104, Pinnacle Technology). All electrochemical data were sampled at 1
Hz using the PAL software utility (Version 1.5.0, Pinnacle Technology).

Both Glu and Glug sensors were calibrated in vitro immediately before and after each in vivo
experiment. In vitro calibrations were conducted in PBS (pH 7.3; 23°C) by incrementally
increasing the concentration of Glu (Sigma-Aldrich) from 0 to 2, 4, 6, and 10 uM followed
by a single addition of ascorbate (250 pM). Since the current response to Glu directly
depends upon temperature (Kiyatkin et al. 2013), all sensitivity values were corrected for
37°C (+84%). While Glu sensors used in this study (n=36) varied slightly in their in vitro
Glu sensitivity [mean 0.35+£0.02 (23°C); 0.64+0.03 (37°C) nA/1 uM], they produced
incremental, highly linear (r=0.99) increases in current with increases in [Glu]. Glu sensors
also showed current increases with addition of ascorbate (mean 0.75+£0.07 nA/250 pM);
their average ascorbate:Glu selectivity ratio was 1:150. Electrodes with low sensitivity to
Glu (<0.11 nA/1 uM) and/or low selectivity against ascorbate (<1:50) were not used. Post-
recording calibrations of Glu sensors (~8 hrs after pre-recording calibration) revealed a
~28% decrease in their sensitivity to Glu (0.25+0.02 nA/1 pM). This decrease in sensitivity
may be in part due to fouling of the active surface (Kulagina et al. 1999). As expected, Glug
sensors (n=23) were fully insensitive to Glu, but showed current responses to ascorbate that
were typically slightly smaller than those in Glu sensors. These parameters remained
virtually unchanged during post-recording in vitro tests. As shown previously, Glu and Glug
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sensors are equally temperature sensitive and show similar dynamics of current changes
following long-term in vitro recording.

Experimental protocol

All behavioral procedures including habituation, drug pretreatment and electrochemical
recordings occurred in an electrically insulated chamber located in a larger sound-
attenuating cabinet under dim red illumination while an air-filter provided white noise. The
cage was equipped with four infrared motion detectors connected to a computer running
MED-PC IV (Med Associates, Burlington, VVT), which were used for monitoring locomotion
during pretreatment and test sessions. Rats were habituated to the testing environment for a
minimum of 6 hrs/day for 2 consecutive days before and one day after surgery.

Electrochemical testing

On the day of electrochemical recording, rats were minimally anesthetized (<2 min) with
isoflurane and a calibrated Glu or Glug sensor was inserted into the brain through the guide
cannula. The rat was then placed into the testing chamber and the sensor was connected to
the potentiostat via an electrically shielded cable and a multi-channel electrical swivel.
Additionally, the injection port of the jugular catheter was connected to a plastic catheter
extension that passed through a liquid swivel to outside the recording chamber, allowing
stress- and cue-free drug delivery. Testing began a minimum of 150 min post-implant when
the baseline current had relatively stabilized (see Results). During the session, rats were
exposed to several drug treatments, which differed for each experiment (see below). To
verify sensor functionality and specificity of drug-induced Glu responses, one hour prior to
the first drug injection, all rats received a 3-min tail-touch, a mild somatosensory stimulus
with known behaviorally activating effects and phasic Glu release (Wakabayashi and
Kiyatkin, 2012). At the end of each session, rats were deeply anesthetized (iv Equithesin
0.7-1.0 ml, over 2 min) and the biosensor was removed for post-recording calibration.

Drugs and treatment protocols

For the three major goals of this study (see Introduction), we conducted three consecutive
experiments to evaluate changes in NAc Glu levels induced by (1) repeated injections of
cocaine, (2) repeated injections of cocaine-M, and (3) repeated injections of cocaine-M after
cocaine exposure (see Supplemental Fig. S1 for a schematic of our experimental protocols).
All drugs were delivered iv while the rats were in quiet resting conditions.

In Experiment 1, we examined the effects of cocaine injections on NAc Glu responses.

Since electrochemical recordings are limited to one daily session, two equal groups of rats
(n=15 each) were used in this experiment. The first group of drug-naive rats received two
injections of cocaine (HCI) at a dose (1 mg/kg, in 0.2 ml saline, over 20 s) optimal for drug
self-administration in rats (Pickens and Thompson 1968) that induces clear behavioral,
physiological and neuronal effects (Brown and Kiyatkin 2006, 2008; Smirnov and Kiyatkin
2010). The cocaine injections were given 90 min apart. This time interval is 7-8 times longer
than the half-life of iv cocaine (Tsibulsky and Norman 1999) and is sufficient for both Glu
and Glug currents to return to a baseline (Wakabayashi and Kiyatkin 2012). The second
group of rats was pretreated with two injections of cocaine on a previous day (1 mg/kg) and
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used to examine the effects of a third and fourth cocaine injection during electrochemical
recording. In Experiment 2, we examined the pattern of Glu responses induced by repeated
injections of cocaine-M. In this case, drug-naive rats (n=13) received four consecutive
injections of cocaine-M at an equimolar dose (1.33 mg/kg, in 0.2 ml saline, over 20 s) with
90-min inter-injection intervals. All injections of cocaine-M were conducted in one session
because there were no significant drug effects observed longer than 20 min post-injection in
either Glu levels or behavior. In Experiment 3, we examined how Glu responses to cocaine-
M are affected by previous cocaine exposure. Rats used in this experiment (n=16) were pre-
treated with cocaine (1 mg/kg, four injections over two consecutive days, similar to Exp. 1)
and, after one free day, were given three injections of cocaine-M (1.33 mg/kg, 90 min apart)
during an electrochemical recording. In additional 3 rats, we examined changes in Glu
electrochemical currents induced by repeated iv injections of saline (0.2 ml over 20 s)
delivered under stress- and cue-free conditions.

Histological verification

After recording, the rats were transcardially perfused with PBS followed by 10% formalin
and brains were removed for subsequent verification. Sensor placements were verified on 45
um brain slices using the stereotaxic atlas of Paxinos and Watson (1998). All rats that did
not have catheter patency at the end of the experiment, had incorrect sensor placements, or
had technical complications during recording were removed from further analysis. Results
of sensor placement verification are shown in Fig. S2.

Data analysis

As shown previously, electrochemical currents generated by Glu sensors in vivo are affected
by non-specific factors, particularly fluctuations in brain temperature, the presence of other
oxidisable substances (i.e., ascorbate, DA, urate), and a slow downward trend in baseline
typical of long-term amperometric recordings (Kiyatkin et al. 2013). To exclude these
influences, recordings obtained with Glu sensors were compared with similar recordings
conducted with Glug sensors (see Fig. S3A). Using this approach, we first determined
differences in electrochemical currents detected by Glu and Glug sensors after each drug
injection. Slow current changes were analyzed with 1-min bins from 5 min before to 55 min
after each injection, and rapid current changes were analyzed with 4-s bins from 30 s before
to 360 s after each injection (Fig. S3B-C). Since the baseline currents slightly varied in
amplitude between individual electrodes and showed a gradual within-session decrease, the
absolute drug-induced current changes were transformed into relative changes, taking a
basal value before each injection (30 s for slow and 8 s for rapid time-course analyses) as 0
nA. Current data were normalized to the average sensitivity of the Glu sensors used. To
reveal the Glu contribution, we calculated current differentials as changes generated by
individual Glu sensors minus the mean changes generated by Glug sensors. These data were
calibrated in nM concentrations based on in vitro sensor sensitivity adjusted by the known
temperature coefficient.

Based on differences in background currents generated by Glu and Glug sensors, we also
evaluated basal Glu levels in animals of each group (Fig. S4). Although electrochemical
currents detected by both types of sensors decreased during the session, they differed
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significantly at each time point, and the between-sensor differences remained relatively
similar during the session. By transferring these current differences into concentration
values, we found that basal levels of extracellular Glu in the NAc are about 1.5 pM, with no
significant between-group differences (Fig. S4C). These values are well within the range
(1-3 uM) obtained for NAc using microdialysis (Hershey and Kennedy 2013; Vizi et al.
2010).

Two-way repeated-measures (RM) ANOVA was used for evaluating differences in the drug-
induced current dynamics produced by Glu and Glug sensors. Since both Glu and Glug
currents were analyzed as a change from 0 nA baseline, the length of the drug effect on
[Glu] was determined as the average duration when either the two currents were different
(significant Glu vs. Glug current main effect) or when the Glu current was changing with
respect to the Glug current (significant Current x Time interaction). To further examine
dynamic changes in [Glu], one-way RM ANOVAs were conducted on calculated [Glu]
values to find time periods where there was a significant post-injection main effect and
individual bins were compared with baseline using Fisher PLSD post-hoc test. For within-
session group comparisons, we determined the amount of Glu released after each drug
injection as the area under the curve calculated for both rapid (4-s bins for the first min post-
injection) and slow (1-min bins for the duration of the effect) components of the [Glu]
response. Locomotor data were analyzed with 1-min resolution using one-way RM
ANOVA. For between-group comparisons, we compared the amount of Glu released per
minute to normalize for different durations of drug action. One-, two-way, and mixed-factor
ANOVAs with Fisher PLSD post-hoc tests were also used to examine within- and between-
group differences where appropriate. Since cocaine injections 3 and 4 occurred on a
different day, comparisons with cocaine-M injections 3 and 4 were conservatively analyzed
as planned comparisons with an appropriate alpha correction for multiple comparisons. For
clarity, statistical details are presented in the figure legends.

RESULTS

Cocaine-induced NAc Glu responses are rapidly enhanced (sensitized) following repeated
drug exposure

When analyzed at the second time scale, iv cocaine given to awake, drug-naive rats induced
a significant increase in NAc Glu levels for ~120 s post-injection (Fig. 1A, 118 s, Current x
Time interaction F3g 390=1.57 p<0.04). This increase was very rapid (latency to first
significant bin 10 s), peaked (54.1+7.3 nM or ~4% above ~1.4 uM baseline) close to the end
of the 20-s injection, and disappeared at ~60 s from the injection start (Fig. 1B). In control
rats repeatedly injected with saline, this increase was absent, and Glu currents slightly
decreased at the same time scale (Fig. 2), suggesting that the procedure of injection itself did
not affect Glu levels. Despite relatively large data samples, no significant changes in Glu
levels were detected after the first cocaine injection when analyzed at the minute timescale
(see Fig. 3A, E). Despite a locomotor response (Fig. 3I), electrochemical currents detected
by Glu and Glug sensors showed similar dynamics in this case, with no differences within
the entire 60-min post-injection interval.
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However, Glu responses induced by subsequent cocaine injections changed dramatically in
both rapid and slow time scales (Fig. 1 and 3). While the initial component of the Glu
response persisted with each subsequent injection, a slower, more tonic increase in Glu
levels appeared. This increase was evident at both time scales, becoming progressively
larger and more prolonged with each subsequent injection. Compared to the first cocaine
injection where no tonic changes were found, the fourth injection induced a large, sustained
increase in [Glu] that peaked at 20-30 min (~225 nM or ~17% above baseline) and
continued for up to 50-60 min post-injection. While the amount of Glu at the slow time scale
was larger with each injection (Fig. 3M), the rapid component of the Glu response remained
relatively stable (Fig. 2I). Cocaine-induced locomotor responses also changed modestly
following repeated cocaine injections (Fig. 31-L), primarily as a more rapid onset of
locomotion with each successive injection. Some increases in overall locomotion were also
observed by the last, fourth injection (Fig. 3N). Although these data suggest rapid
sensitization of Glu responses, it is possible that these effects are related to a generalized
change in responsiveness due to previous drug exposure. To control for this possibility, we
evaluated how Glu responses induced by tail-touch, a mild non-drug somatosensory
stimulus, are affected by cocaine pretreatment. When analyzed at both slow and rapid time
scale, Glu responses elicited by tail-touch remained similar in drug-naive and cocaine-
experienced rats (Fig. S5), suggesting that the enhanced Glu responses observed with
cocaine are selective to the drug.

Therefore, cocaine administration is accompanied by very rapid, transient and relatively
small changes in NAc [Glu] when the rat is drug-naive but a relatively small number of
repeated cocaine injections results in robust changes in drug-induced Glu release. The phasic
Glu increase typical of the initial injection is supplemented by a more tonic, increasingly
larger, and prolonged Glu increase that parallels more gradual increases in drug-induced
locomotor activation.

Peripherally acting cocaine analogue induces stronger NAc Glu release but its effects
rapidly habituate following repeated exposure

The rapidity of the initial phasic Glu response induced by cocaine appears inconsistent with
a direct drug action on brain neurons, considering the time it takes for the drug to reach the
brain, cross the BBB, diffuse to central receptive sites, and exert its effects on central
neurons. Alternatively, this rapid Glu response could occur due to direct cocaine action on
peripherally located neural substrates and be related to fast neural transmission into the NAc
via visceral sensory pathways. To directly test this mechanism, we used BBB-impermeable
cocaine-M, which can only mimic the peripheral actions of regular cocaine.

Consistent with this hypothesis, the effects of cocaine-M differed markedly from those of
regular cocaine. Similar to cocaine, the first cocaine-M injection induced different changes
in Glu and Glug currents at the rapid time scale (Fig. 4A), indicating a drug effect on [Glu]
for at least 360 s (Glu/Glug, F1 990=6.61, p<0.03), with dynamic changes occurring ~140 s
post-injection (Current x Time interaction F3s 358=1.48, p<0.05). In terms of [Glu], the
increase was equally rapid (10 s latency) but stronger (~148.0+53.9 nM or ~10% above ~1.6
UM baseline) than that induced by the first cocaine injection (one-tailed Student t-test
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t15=1.82, p<0.05). Although this initial peak persisted after each subsequent injection, its
amplitude and duration progressively decreased (Fig. 41). Rapid weakening of the Glu
response was also clearly evident at 1-min time scale, when Glu increase was significant
only for ~7 min after the first drug injection (Fig. 5). Unlike cocaine, cocaine-M induced
only weak and transient increases in locomotion (Fig. 5I-L,N) after each drug injection.

Therefore, it appears that the rapid component of NAc Glu release induced by cocaine is
triggered by the drug’s actions in the peripheral nervous system. While Glu release induced
by cocaine-M at the same equimolar dose in drug-naive conditions was stronger than that
induced by regular cocaine, it rapidly habituated following repeated exposure. While
supporting our hypothesis that the peripheral actions of cocaine contribute significantly to
rapid NAc Glu release, direct actions of this drug in the brain appear to be essential to
induce locomotor activation and progressive enhancement of Glu responses following its
repeated exposure.

Glu responses induced by cocaine-M markedly differ after cocaine experience

If the peripheral actions of cocaine that always precede the slower, more prolonged direct
drug actions in the brain induce rapid, phasic NAc Glu release, these two actions could
interact following repeated drug exposure, thus contributing to experience-dependent
sensitization of Glu release. To test this hypothesis, we examined NAc Glu responses to
cocaine-M in cocaine-experienced rats. These rats were given the same drug treatment as in
Experiment 1 and they showed similar increases in cocaine-induced locomotor activation
following repeated injections (Fig. S6). Consistent with our expectations, cocaine-
experienced rats showed dramatically altered Glu responses to cocaine-M. In these rats, an
initial cocaine-M injection induced a rapid change in the Glu vs. Glug current for 282 s post-
injection (Fig. 6A; Current x Time interaction, F71 g94=1.31 p<0.05), indicating a rapid and
strong rise in [Glu] (14 s latency, peak at 235.1+68.7 nM or 14% above baseline; Fig. 6B)
that exceeded those induced by the initial injections of either cocaine (54.1+ 7.3 nM,
p<0.01) or cocaine-M (147.2+ 53.9 nM) in drug-naive rats. Differences in Glu/Glug current
persisted for an hour after the injection (Fig. 7A, F1 14=6.80, p<0.03) indicating a prolonged
[Glu] rise that remained significant for ~40 min (Fig. 7D).

Glu responses to cocaine-M in cocaine-experienced rats also remained significantly elevated
after the second injection but steadily decreased after the third (Fig. 6-7). Although there is
some indication of an elevated [Glu] response to the third injection (Fig. 6F, 7F), this result
should be viewed with caution since the Glu and Glug currents at both time scales did not
differ significantly after this injection (Fig. 6C, 7E). At the rapid timescale, cocaine-M in
cocaine-experienced rats evoked a greater Glu response for two successive injections than
either cocaine-M in naive rats or cocaine itself (Fig. 6G). At the slow timescale, cocaine-M
induced an enhanced tonic Glu release that differed from the acute response to the drug,
sharing some similarities with the Glu response induced by cocaine. In contrast to profound
Glu responses, these rats showed minimal and relatively stable locomotor responses to
repeated cocaine-M injections (Fig. 7G-I, K). Since cocaine-M mimics only peripheral
actions of cocaine, the enhanced Glu release induced by this drug in cocaine-experienced

J Neurochem. Author manuscript; available in PMC 2015 August 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wakabayashi and Kiyatkin Page 10

rats could be viewed as a conditioned Glu response to a cocaine-related interoceptive cue,
indicating the importance of this action in the development of neurochemical sensitization.

DISCUSSION

Recent evidence suggests that repeated cocaine administration induces persistent
neuroadaptive changes in the brain circuits involved in drug reinforcement. While
postsynaptic receptor changes within Glu synapses are suggested to play a critical role in the
development of cocaine-induced neuroadaptations and possibly cocaine addiction (Kalivas
et al. 2009; Schmidt and Pierce 2010), the influence of cocaine on rapid-scale Glu release
has remained generally unknown. In this study, we used high-speed electrochemical
monitoring of extracellular levels of Glu in the NAc in awake, freely moving rats to
determine whether passive injections of cocaine at a low, self-administering dose affect Glu
release, whether and how cocaine experience influences this release, and what mechanisms
may underlie these changes.

Glu measurements in behaving animals

While rapid time-course resolution is a critical advantage of electrochemical techniques over
microdialysis, multiple tests and controls are essential to make these measurements reliable.
The enzyme-based Glu sensors used in this study had sufficiently high sensitivity and
selectivity to detect relatively small and rapid fluctuations in Glu levels. However, as shown
in our previous studies (Kiyatkin et al. 2013; Wakabayashi and Kiyatkin 2012), reliable Glu
measurements in freely moving rats require the use of Glug sensors that are equally sensitive
to all chemical and physical interferents except Glu. This approach allows us to exclude the
influence of most non-specific physical and chemical contributors to the electrochemical
currents detected by Glu sensors, which accounts for up to 90-95% of the total current
changes induced by natural arousing stimuli (Kiyatkin et al. 2013). Using this approach, we
revealed that the basal extracellular Glu levels in the NAc (1.0-1.5 uM) are lower than
usually reported in electrochemical studies but well within the range of the most accurate
microdialysis estimates obtained with no-net flux analysis (Hershey and Kennedy 2013; Vizi
et al. 2010) and are within the affinity of extrasynaptic NMDA Glu receptors (0.4-1.7 uM;
Zito and Scheuss 2009). While these physiological Glu fluctuations are smaller in amplitude
(50-200 nM, or 5-20% over baseline), they are much more phasic than those detected in
microdialysis studies.

Phasic Glu release as a primary neural response induced by iv cocaine in drug-naive

conditions

By using this high temporal resolution, we found that the first cocaine injection in drug-
naive rats induces a very rapid (6-8 s latency), relatively small (~50 nM) and transient (~60
s) rise in Glu levels. Despite this second-scale effect and clear evidence of locomotor
activation, no significant changes in NAc Glu levels were found when the data were
analyzed on a minute scale, a time resolution similar to microdialysis. Thus, differences in
temporal resolution between these approaches may explain why this phasic Glu release has
remained undetected. Similar short latencies were reported in awake rats for other neural
effects of iv cocaine, particularly cortical EEG desynchronization and EMG activation
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(Kiyatkin and Smirnov, 2010), excitation of NAc neurons (Kiyatkin and Brown 2007),
activation of both DA and non-DA VTA neurons (Brown and Kiyatkin 2008), and
electrochemically detected NAc DA release (Aragona et al. 2008). Considering Glu release
as the primary means of neuronal excitation (Krnjevic 1970) and exclusive Glu sensitivity of
ventral striatal neurons (Kiyatkin and Rebec 1999), similar onset latencies of both NAc Glu
release and activation of NAc neurons induced by iv cocaine may suggest an underlying
causal relationship between the two effects.

It is challenging to explain these second-scale neural effects based exclusively on cocaine’s
direct action in the brain. The drug must first travel from the venous to arterial circulation to
reach brain vessels, cross the BBB before diffusing to receptors and interacting with them to
induce direct neural effects. Alternatively, this short-latency NAc Glu release and other
excitatory neural effects could result from cocaine’s actions on peripherally located neural
substrates (i.e. multiple subtypes of ionic channels expressed on afferents of sensory nerves)
that induce an ascending neural signal to the CNS. The peripheral origin of the initial, fast
phase of cocaine-induced Glu release was confirmed in this study by using BBB-
impermeable cocaine-M. Like cocaine, cocaine-M induced equally rapid and even stronger
increases in NAc Glu levels when used at an equimolar dose in drug-naive rats. Cocaine-M
also induces similarly rapid and somewhat stronger EEG desynchronization (Kiyatkin and
Smirnov 2010) and NAc neuronal excitation (Kiyatkin and Brown 2007), lending further
support to the idea that Glu release may underlie these neural effects.

The ability of cocaine to induce a second-scale, excitatory Glu signal transmitted from the
periphery via visceral sensory pathways may help explain the discrepancy with the drug’s
relatively slower and more delayed direct central actions. Although cocaine’s interactions
with brain monoamine transporters appear essential for mediating its reinforcing properties
(Ritz et al. 1987; Wise and Bozarth 1987), DA uptake inhibition in the NAc ex vivo (when
any contribution of DA release is excluded) is only detected at high doses (5- 10 mg/kg, iv;
Pogun et al. 1991; Stathis et al. 1995; Wang et al. 2007) and 3-5 minutes after the iv
injection (Stathis et al. 1995; Wang et al. 2007). Even when using a more sensitive approach
by combining DA iontophoresis with fast-cyclic voltammetric DA detection, iv cocaine at
self-administering doses has weak effects on DA uptake, appearing with 1-2 min onset
latencies (Kiyatkin et al. 2000; see, however, Mateo et al, 2004). Thus, these rapid
excitatory neural effects are difficult to explain based solely on cocaine’s eventual
interaction with brain monoamine transporters, and they could constitute an additional
component of cocaine’s overall action on the brain. Indeed, these peripheral actions may be
also relevant for other sites of cocaine administration (i.e. lung alveoli, nasal and oral
cavities), which are densely innervated by afferents of sensory nerves and also capable of
rapidly transmitting cocaine’s neural signal to the CNS.

Experience-dependent changes in NAc Glu responses induced by cocaine

The second novel finding of this study was the appearance of an enhanced Glu response to
cocaine after relatively short drug experience. This effect was evident during the second
drug injection within the first session and became progressively larger by the third and
fourth injections of the next session. Second-scale analysis revealed that while the initial,
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phasic component of the Glu response persisted with each cocaine injection, an additional,
tonic phase appeared and became larger with each consecutive injection. Importantly, these
robust changes were selective to cocaine; Glu responses to tail-touch, an arousing non-drug
stimulus, were not affected by cocaine treatment.

While the initial, phasic and persistent rise in Glu levels induced by each cocaine injection is
likely due to the drug’s peripheral actions and impulse-dependent Glu release, the cause and
mechanisms of the slowly developing and prolonged tonic increases in Glu (100-200 nM)
are less clear. Although increases in extracellular Glu levels are usually viewed as its
spillover from synapses (Nichols and Attwell, 1990), Glu is also released from boutons that
do not make synaptic contacts, and reaches high-affinity extrasynaptic Glu receptors by
diffusion. Glu is also released by glial cells (van der Zeyden et al. 2008; Vizi et al. 2010) to
interact with extrasynaptic Glu receptors located on other glial cells and neurons (Zito and
Scheuss 2009). Whereas synaptic Glu is regulated by Glu transporters acting at high
concentrations (0.1-1.0 mM) on a rapid time scale to rapidly remove Glu from the synaptic
cleft and prevent its spillover in the extracellular space (Kanai and Hediger 2003; Moussawi
et al. 2011), Glu in the extracellular space is regulated by high-affinity transporters which
operate at much lower levels (1-3 pM) and slower time scales (Gegelashvili and Schousboe
1998; Kanai et al. 2013; Vizi et al. 2010), thus allowing more prolonged but lower-
magnitude fluctuations. Our estimates of basal extracellular Glu levels (~1.5 pM)
correspond well to the range of basal extracellular Glu levels typically detected by no-net
flux microdialysis (Hershey and Kennedy 2013). Whereas synaptic Glu transmission is
involved in rapid information transfer between neurons, the functional role of non-synaptic
Glu transmission remains less clear. However, Glu fluctuations at the levels found in this
study are sufficient to affect high-affinity NMDA receptors and modulate the activity of
multiple neural and possibly glial cells via Ca2* release (Vizi et al. 2010; Zito and Scheuss
2009), and thus potentially able to induce long-lasting neuroadaptations (Kalivas 2009).
While longer and more extensive cocaine exposure, especially following self-administration,
may result in more profound changes in Glu transmission, including alterations in release,
pre and post-synaptic receptor number and subtypes, our study suggests very rapid and
significant alterations in the dynamic components of Glu release occur during the initial
stages of drug experience.

Regardless of their mechanism, our data suggest that repeated cocaine exposure results in
rapid sensitization of Glu release. Importantly, this neurochemical sensitization occurs
somewhat more rapidly and robustly than increases in cocaine-induced locomotion,
supporting the view that behavioral sensitization is an index of the neuroadaptive changes in
the brain in response to drug (Robinson and Berridge 1993; Robinson and Berridge 2000).
However, it should be noted that motor activation with each consecutive cocaine injection
occurred more rapidly, a more sensitive measure of locomotor sensitization.

Critical role of interoceptive actions of cocaine in neural sensitization

While associative learning is viewed as an important contributor to drug-induced neural
sensitization (Di Chiara 1998; Kalivas and Stewart 1991) and the development of drug-
taking behavior (Wise and Bozarth 1987), it is usually considered to be the result of an
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interaction between environmental (exteroceptive) stimuli that precede drug intake and the
drug per se. However, this stimulus-drug interaction could be more complex in the case of
cocaine, which has both fast peripheral and slower central actions, each mediated via
different neural substrates (ionic channels expressed on afferents of sensory nerves at the
sites of administration and monoamine transporters, respectively) and each triggering
distinct neural effects with different time-courses. Following repeated drug exposure, these
distinct neural effects may interact based on principles of Pavlovian conditioning. As a
result of this interaction, the initial, peripherally triggered actions of cocaine may acquire
some conditioned interoceptive stimulus properties, thus contributing to its sensitized neural
effects. Interestingly, our data also suggests that the central actions of cocaine may be
necessary to maintain or even enhance the phasic Glu response triggered by the peripheral
actions of cocaine. Therefore, experience-dependent sensitization could be viewed as a
consequence of a within-drug conditioning: a dynamic interaction between peripherally
driven (sensory or interoceptive) and centrally mediated (rewarding) actions of cocaine.

Since cocaine-M cannot reach the brain and mimics only some of the peripheral aspects of
cocaine’s action, this drug was an important tool to verify this hypothesis. While the initial
administration of cocaine-M in drug-naive animals induced equally rapid but stronger Glu
release than the first injection of cocaine HCI, this effect rapidly habituated with subsequent
injections, a pattern typical of simple somato-sensory stimuli (Hendry et al. 1999; Sandler
and Tsitolovsky 2008; Stancak 2006). Unlike cocaine, cocaine-M did not elicit true
locomotor activation, but did mimic cocaine in its ability to induce an acute motor response
during the injection. However, the response to cocaine-M was drastically different in rats
with cocaine experience. In this case, this drug induces powerful Glu release, significantly
exceeding that induced by either cocaine-M or cocaine in drug-naive conditions. Thus, it
appears that cocaine-M acts in cocaine-experienced animals as a conditioned drug stimulus,
inducing conditioned Glu release. With subsequent injections, Glu responses to cocaine-M
decreased but remained consistently larger than those induced by cocaine-M in naive rats.
This finding is in agreement with classic observations (Skinner 1933) suggesting the ability
of conditioned stimuli to retain their activating potential for some time after termination of
their pairing with the unconditioned stimulus.

Conclusions and functional implications

In this study, we demonstrate that cocaine at a low, self-administering dose induces rapid,
transient NAc Glu release that is consistently enhanced following relatively short drug
experience. We show that cocaine-induced Glu release has distinct peripheral and central
sources and substantiate the critical role of peripheral actions of cocaine in mediating acute
Glu release and its experience-dependent sensitization.

While the direct interaction of cocaine with monoamine transporters is essential in
mediating its reinforcing properties, the ability of cocaine to engage visceral sensory
systems, induce rapid neural effects independent of its direct central actions, and establish a
within-drug conditioned association appears to be an important factor in determining its
addictive potential. The ability of peripheral sensory actions of cocaine to acquire new
signaling significance may explain the experience-dependent changes in the psycho-
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emotional and physiological effects of cocaine in humans. Similar to the well-established
shift of neuronal activation from the primary reinforcer to the earliest reinforcer-predicting
stimulus during learning (Schultz 1998), the initially neutral or even unpleasant sensory
effects of cocaine may rapidly become the most desired, rewarding events of drug
consumption. This ability of cocaine’s peripheral sensory actions to acquire new signaling
properties through repeated pairing with its central actions may contribute to the mechanism
attributing incentive motivational significance to interoceptive drug cues (Robinson and
Berridge 1993) and help explain the persistent nature of human cocaine addiction and the
limited success achieved so far in its pharmacological correction.

While this study was focused on cocaine, a similar mechanism of within-drug conditioning
may apply to other addictive drugs. We have recently shown that, like cocaine, iv nicotine
given to drug-naive rats at a low, self-administering dose induces rapid EEG
desynchronization, EMG activation and weak locomotor activation; all these effects are
substantially reduced by hexamethonium, a selective blocker of peripheral nicotinic
receptors, and their immediate components are mimicked by peripherally acting nicotine
analog (Lenoir and Kiyatkin 2011; Lenoir et al., 2013). Similar to this study, the effects of
this methiodide nicotine analog consistently decreased following its repeated exposure but
re-appeared again when the drug was used after nicotine experience. Hence, the findings of
this study of cocaine may generalize to other drugs of abuse, and implicate the critical
involvement of Glu release triggered via visceral sensory systems in mediating the acute
neural effects of drugs and their consistent changes following repeated drug experience.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. An immediate, highly phasic Glu release induced by cocaine and its dramatic changes
following repeated exposure
Left top row shows mean (xSEM) changes in currents detected by Glu (red) and Glug (blue)

sensors for each injection. Horizontal bars on this and all subsequent figures show the
duration of significant main effect between Glu/Glug currents (black), or a significant
Current x Time interaction (gray). The first injection (A) showed only a brief (118 s)
interaction (F3p 390=1.57 p<0.04) which progressively became greater and longer with each
subsequent injection (C. 2: Glu/Glug [358 s, F1 13=7.99], interaction [358 s, Fgg 1170=1.68];
E. 3: Glu/Glug [358 s, F1 13=8.375], interaction [46s, F17 156=1.92]; G. 4: Glu/Glug [358 s,
F113=9.00], interaction [358 s, Fgg 1170=1.34], all p<0.05). Left bottom row shows mean
(xSEM) change in [Glu] (purple). Each successive injection resulted in a greater and more
prolonged [Glu] response, where the shaded area in this and all subsequent figures shows
duration of main effect (1-way RM ANOVA: B. 1: 186 s, F47 376=1.41; D. 2: 358 s,
Fo0,720=2.69; F. 3: 358 s, Fgg 720=1.63 H. 4: 358 s, Fgp 720=2.49, all p<0.05). Filled symbols
are values significantly different from baseline (PLSD post-hoc). Vertical hatched lines in
this and all subsequent figures show the injection start. Right panel (1) compares the area
under the curve of [Glu] for the first min after each injection. The total [Glu] released for
this period differed significantly between Day 1 (Injection 1-2) and Day 2 (Injection 3-4),
(mixed-factor ANOVA F1 16=12.18 p<0.05).
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Fig. 3. The appearance of an increasing and persistent Glu release following repeated cocaine
exposure

Top left row shows mean (xSEM) current changes detected by Glu (red) and Glug (blue)
sensors. Middle left row shows mean (xSEM) change in [Glu] (purple). While the first
cocaine injection resulted in no significant difference in Glu/Glug currents (A) and [Glu]
(E), each successive injection resulted in a greater and more prolonged difference in Glu/
Glug currents [2: Glu/Glug (gray bars; 27 min, Fq 13=4.68), interaction (black bars; 19 min,
F19247=1.69); 3: Glu/Glug (27 min, F1 13=4.68), interaction (23 min, Fy3 299=1.67); 4:
Glu/Glug (39 min, F1 13=4.73), interaction (33 min, F33 429=1.55), all p<0.05], and greater
[Glu] release (2: 23 min, Fy3 184=1.69; 3: 51 min, Fs3 416=1.38; 4: 56 min, Fsg 440=2.59), all
p<0.05. Bottom left row shows mean (xSEM) changes in locomotion (shaded area, duration
of main effect 1: F56'784:6.43; 2: F56‘784:6.74; 3: F56,784:7-29; 4. F56,784:12-79: all
p<0.001). Filled symbols are values significantly larger than baseline (PLSD post-hoc). M
summarizes mean increases in [Glu] across rats for the significant duration of drug effect
and N shows locomotion for 15 min post-injection (as area under curve). There were
significant increases in [Glu] (mixed-factor ANOVA: Day, F1 16=4.89, Injection x Day,

F1 16=4.64,) and locomotion (Day, F1 25=5.61, Injection x Day F 25=5.02) all p<0.05.
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Fig. 4. Peripherally acting cocaine-methiodide inducesrapid Glu release that rapidly habituates
following repeated exposure

While cocaine-M initially resulted in different Glu (red)/Glug (blue) currents (A. Glu/Glug
main effect [gray bar: 358 s/n=91, F; 11=6.61], interaction [black bar: 138 s, F35 3g5=1.48],
both p<0.05) and rapid [Glu] release (B. shaded area, duration of main effect [358 s,

Fao 630=1.48 p<0.001]), this effect rapidly habituated with each next injection (Glu/Glug
interaction 2: [18 s, F5 55=2.54]; 3: [46s, F1 132=1.90]; 4: [26 s, F7 77=2.21] all p<0.05) so
that [Glu] release was less (1: [358 s, Fgg 630=1.48]; 2: [166 S, F42 294=1.43]; 3: [358 s,

Foo 630=2.08] 4: [350 s, Fgg 616=1.31] all p<0.05). Filled symbols are values significantly
different from baseline (PLSD post-hoc). Right panel (1) summarizes this decreased effect of
cocaine-M as the area under the curve of [Glu] for the first min after each injection (green
bars, 1-way RM ANOVA, F3 »1=3.93 p<0.05, * indicates cocaine-M injections that were
significantly different, p<0.05). Similar data for cocaine (purple bars) are shown for
comparison. Although the first two injections across treatments did not show overall
significant differences (2-way RM ANOVA, ns), this is due to opposite changes with each
drug. For the 1%t injection, [Glu] was larger for cocaine-M than cocaine HCI (white circle,
t15=2.15 p<0.03) but for the last injection changes were opposite (white star, planned
comparison t15=3.64 with Bonferroni correction for multiple comparisons, a=0.0125,
p<0.002).
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Fig. 5. Repeated injections of cocaine-M show marked habituation in tonic Glu release
While the first cocaine-M injection (A) resulted in different Glu (red)/Glug (blue) currents,

this effect was short (Glu/Glug [gray bar]: 8 min, Fq 11=5.26, interaction [black bar]: 7 min,
F7 77=2.32, both p<0.05) and not significant for later injections (B-D). [Glu] release was
significant only for the first cocaine-M injection (individual points significantly different
from baseline (filled symbols) within the period of a main effect [shaded area, 46 min,

F46 320=1.43 p<0.05]). M summarizes mean increases in [Glu] per minute for the significant
duration of drug effect; effect of cocaine-M decreased with each injection (F3 21=3.47
p<0.04, asterisks show individual significant decreases, p<0.05). When compared with
cocaine, there was a significant Treatment x Injection interaction between the first two
injections of cocaine-M and cocaine (2-way RM ANOVA, F1 15=13.6 p<0.05), injection
was almost significant p=0.07. Glu response to the 15t injection of cocaine-M was greater
than that for cocaine (white circle; p<0.05, PLSD post-hoc test). Star shows a significant
difference between the 4t injection of cocaine and cocaine-M (planned comparison t;5=2.70
with Bonferroni correction for multiple comparisons, a=0.0125, p<0.008). Bottom left row
shows mean (£SEM) changes in locomotion. While cocaine-M induced a weak increase in
locomotion (main effect: 1: Fsg 670=2.73; 2: Fg 672=2.75; 3: Fr6.672=2.53, 4: F56 672=2.0, all
p<0.05), this response did not differ across injections (N). Cocaine-induced locomotion is
shown for comparison.
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Fig. 6. Cocaine-methiodide in cocaine-experienced ratsinduces enhanced Glu release: second
scale

Cocaine-M injections in cocaine-experienced rats resulted in significantly different Glu
(red)/Glug (blue) currents for the first two injections (1: interaction [black bar, 282 s,
F71.994=1.31]; 2: Glu/Glug [gray bar, 358 s/n=91, F 14=5.60], interaction [118 s,
F30,420=1.49], all p<0.05) showing significant increases in [Glu] (shaded area, duration of
main effect: 1. 358 s, F90’900:2.48; 2:350s, F88,88O:1-29; 3: 358 s, F90’900:2.42, all
p<0.05). Filled symbols are values significantly different from baseline. G compares the area
under the curve of [Glu] for the 15t min post-injection across cocaine-treated rats given
cocaine-M (orange), where there was a significant decrease with each successive injection
(1-way RM ANOVA, F; 20=12.1 p<0.001, *, PLSD post hoc, all p<0.05). Comparison
between the first two injections of cocaine-M in experienced rats (orange), acute cocaine-M
(green) and cocaine (purple) revealed that Glu differed by both the injection number (2-way
RM ANOVA, F4 25=7.04) and by treatment group (F2 25=4.64, both p<0.02). Injection x
Group interaction (p=0.09) trended towards significance. Cocaine-experienced rats had a
significantly elevated Glu response to cocaine-M compared to drug-naive rats and those that
received cocaine (white circles, 1-way ANOVA, 1: F, »7=4.50, Injection 2: F; ,7=4.31, both
p<0.03; PLSD post-hoc p<0.05). A planned comparison for the 3™ injection revealed no
significant differences (all ns).
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Fig. 7. Cocaine-methiodide in cocaine-experienced ratsinduces enhanced Glu release: minute
scale

Cocaine-M injections in cocaine-experienced rats resulted in significantly different Glu
(red)/Glug (blue) currents for the first two injections at the minute scale (1: Glu/Glug [gray
bar, 56 min, Fq 14=7.03]; 2: Glu/Glug (56 min, F1 14=6.04), all p<0.03; 3: ns) showing [Glu]
(orange, shaded area, duration of main effect, 1: 42 min, F42 420=1.43; 2: 17 min,
F17170=1.73; 3: 20 min, Fyq 200=1.73, all p<0.03). Filled symbols are values significantly
different from baseline. J summarizes mean (xSEM) increases in [Glu] across rats for the
significant duration of drug effect, no differences within the cocaine-experienced group to
cocaine-M injections (orange) were found (ns). Comparing Glu responses to the first two
injections of cocaine-M in experienced rats, with acute cocaine-M (green) and cocaine
(purple) revealed an Injection x Treatment interaction (F, 25=4.46 p<0.03); the Glu response
to the first cocaine-M injection in cocaine-experienced rats differed from that of rats
receiving cocaine for the first time (white circle, F 27=3.45, p<0.05). While there was a
locomotor response to cocaine-M in cocaine-experienced rats (shaded area, duration of main
effect, 56 min all injections: 1: Fsg g40=2.76; 2: F56 g40=2.04; 3: F56 840=1.39, all injections
p<0.05) this response did not differ across injections (K, ns). Cocaine and acute cocaine-M
locomotion is shown for comparison.
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