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Abstract

Although it is well established that the direct action of cocaine on centrally-located neural
substrates is essential in mediating its reinforcing properties, cocaine induces very rapid
immediate neural effects that imply cocaine’s action on peripheral neural substrates. We employed
oxygen sensors coupled with high-speed amperometery to examine the effects of standard cocaine
HCI that easily enters the blood-brain barrier and its blood-brain barrier-impermeable methiodide
analog on oxygen levels in the nucleus accumbens in awake, freely-moving rats. Both drugs
induced strong increases in nucleus accumbens oxygen levels, which displayed similarly short,
second-scale latencies and a general similarity with oxygen increases induced by an auditory
stimulus. This study provides additional support for the view that the immediate neural effects

of iv cocaine are triggered via its direct action on peripherally located neural substrates and fast
neural transmission to the central nervous system via somatosensory pathways.
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It is commonly thought that the direct action of cocaine on centrally located monoamine
transporters is the most important mechanism mediating the neural effects of cocaine.

This view originates from classic /n vitro studies that clearly demonstrate that cocaine
dose-dependently inhibits reuptake of monoamines without affecting their release.l 2 This
view was supported by numerous /n vivo experiments using dopamine (DA) antagonists and
lesions of DA cells or its target areas, which implied the critical role of DA in mediating

the reinforcing effects of cocaine.3-> While it is undisputable that cocaine-induced changes
in DA transmission are critical for mechanisms of cocaine reinforcement and drug-taking
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behavior,6-8 the evidence on the role of central DA and other monoamine mechanisms in
mediating the acute neural and physiological effects of this drug is much more controversial.

An acute increase in arterial blood pressure is a prominent centrally-mediated effect of
cocaine.? When administered to awake, freely-moving rats at low intravenous (iv) doses
optimal for self-administration behavior, cocaine elevates blood pressure with second-scale
latencies and peaks within one minute.19 Such a rapid time-course is difficult to reconcile
with cocaine’s pharmacokinetics and the time necessary for the drug to reach brain blood
vessels, cross the blood-brain barrier (BBB), diffuse to reach and bind to monoamine
transporters, and enhance monoamine neurotransmission. Furthermore, this effect is resistant
to DA receptor blockadel? 11 and is mimicked by cocaine’s analog cocaine methiodide,
which does not cross the blood-brain barrier (BBB).12 Both cocaine salts injected to freely-
moving rats at low, behaviorally relevant doses (0.25-1.0 mg/kg) also induce rapid and
strong cortical EEG desynchronization, suggesting generalized neural activation,13 which is
also resistant to full DA receptor blockade.!2 Finally, a critical role of peripheral actions

of cocaine in mediating its acute neural effects was demonstrated by electrochemical
assessment of nucleus accumbens (NAc) glucose. In this study, we found that iv cocaine
induces a biphasic increase in NAc glucose, with the initial prominent rise occurring with
4-6 s latency and peaking 20-25 s after the injection onset. Importantly, this initial effect of
cocaine HCI was only slightly attenuated by full DA receptor blockade and was mimicked
by cocaine methiodide.

The goal of this study was to provide further evidence for the role of peripheral actions

of cocaine in mediating its neural effects by focusing on changes to brain oxygen

levels induced by cocaine HCI and its BBB-impermeable analog in awake, freely-moving
rats. Similar to our previous studies, oxygen recordings were conducted in the NAc, a

deep, ventrally located structure critically involved in sensorimotor integration and drug
reinforcement.1® 16 Brain oxygen is an important homeostatic parameter and its efficient
inflow from arterial blood into the brain’s extracellular space is essential for maintaining
neuronal activity under conditions of physiological and behavioral activation. Neurovascular
coupling would account for the enhancement of intra-brain inflow of oxygen during
neuronal activation by inducing local cerebral vasodilation and increasing cerebral blood
flow.17-19 In previous work, we showed that NAc oxygen levels are maintained at relatively
stable levels under quiet resting conditions and phasically increase by arousing stimuli due
to activation of this neurovascular mechanism.20 Since iv cocaine excites accumbal neurons
in awake rats,2! we hypothesized that cocaine would also increase NAc oxygen levels and
this increase, at least at the earliest stage, would be mimicked by cocaine methiodide, which
also excites accumbal neurons.

Results and Discussion

Our data were obtained in 15 rats (7 with cocaine HCI and 8 with cocaine methiodide) with
histologically verified locations in the NAc shell. Consistent with our previous studies,20
NAc oxygen levels assessed in freely-moving rats under quiet resting conditions were
maintained at relatively stable levels (range of basal values in different rats and sessions:
10-32 uM; mean = 17.88 + 0.71; SD = 5.80 pM, n=15), showing transient fluctuations
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within 5-10% of baseline (Figure 1). When analyzed with 1-min time resolution, cocaine
significantly increased NAc oxygen levels (F1gp 3200 = 5.06, p<0.001; Figure 2A). The
oxygen levels began to increase during the first minute from the injection onset, peaked at

~ 5 min, and slowly decreased toward the pre-injection baseline thereafter. When data were
analyzed as rate of change, maximal change occurred during the first minute from injection
onset. Despite the consistency of cocaine-induced oxygen increases, their magnitudes were
relatively small varying within 5-15% of baseline. The oxygen response elicited by cocaine
methiodide was similar (F1g 2300 = 5.12, p<0.001; Figure 2B), with a rapid rise, peaking at
2-3 min, and then slowly returning to baseline. Similarly, maximal change in concentration
occurred during the first minute. While within a range of statistical variability, the oxygen
response induced by cocaine methiodide was sharper and shorter in duration than that
induced by cocaine HCI. Interestingly, an auditory stimulus induced an equally rapid oxygen
rise (Fg g1 = 5.47; Figure 2C). However, the response was much shorter and smaller than
those induced by both cocaine salts. Original examples of oxygen responses induced by both
cocaine analogs and an auditory signal are shown in Figure 1.

To observe more precise NAc oxygen changes elicited by cocaine and its analog, data were
analyzed with high temporal resolution (Figure 3). In this case, the oxygen increase induced
by cocaine HCI exhibited two clear phases: a phasic jump occurring while the injection was
applied and a more prolonged and larger elevation thereafter (F3 2400 = 16.01, p<0.001).
This dynamic, two-phasic response was especially evident when the data were shown as rate
of change. In this case, oxygen levels increased rapidly (latency ~6-8 s) and peaked (at 25
s) during the injection duration, then decreased and slowly increased thereafter. The oxygen
response elicited by cocaine methiodide was very similar, with a rapid jump during the
injection, a phasic peak at its offset, and slow elevation thereafter (F23 1725 = 9.85, p<0.001).
In this case, the two-phasic increase was less evident in concentration values but was more
evident in rate of change. The auditory signal induced the most rapid increase in oxygen

(Fo 567 = 6.37, p<0.001) that peaked immediately after the stimulus onset (latency 2 s); the
magnitude of this phasic increase was larger than that induced by both cocaine analogs.

Our previous studies revealed that NAc oxygen levels increase following exposure to
different arousing stimuli.20 While parallel excitations of ventral striatal neurons2!: 22 and
short-latency EEG desynchronization!3 induced by these stimuli suggest neuronal activation
as a cause of these increases, this mechanism has also been confirmed by the observation
that NAc oxygen increases during local intra-NAc microinjections of glutamate29 known
to excite accumbal neurons.23 Therefore, due to this neurovascular coupling mechanism,
cerebral blood vessels become dilated and local cerebral blood flow increases, resulting
in enhanced oxygen entry into brain tissue. Neurovascular coupling also appears to be
responsible for rapid increases in NAc glucose elicited by arousing stimuli.24 Due to this
mechanism, the inflow of oxygen and glucose into brain tissue is rapidly enhanced, thus
preventing any possible metabolic deficit.

It appears that neurovascular coupling underlies the rapid cocaine-induced increases in
NAc oxygen (shown in this study) and NAc glucose.1* As shown in Figure 4A, the

levels of both substances increased with second-scale latencies displaying a prominent peak
near the end of the injection. While the immediate changes in NAc oxygen and glucose
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elicited by cocaine were similar to those induced by simple sensory stimuli, pointing to

the same underlying neural mechanism, cocaine also induced secondary, more powerful
tonic increases. Our EEG recordings!3 provided further support for this mechanism. Similar
to sensory stimuli, iv cocaine induced rapid cortical EEG desynchronization as evidenced
by strong decreases in EEG total power and prominent increases in beta- and gamma
activities. Importantly, these indices of generalized neuronal activation showed very short
latencies, with peak increases at ~6 s, clearly before the slower NAc oxygen changes (Figure
4B). Moreover, the rapid components of EEG desynchronization induced by cocaine were
resistant to full DA receptor blockade but were strongly reduced during general anesthesia.
Finally, iv cocaine induced significant and exceptionally rapid changes in NAc glutamate
levels, with ~2—6 s latencies and peaks within the injection duration 14 (Figure 4C).

Since accumbal neurons are sensitive to glutamate,23 it appears that cocaine induces rapid
glutamate release onto accumbal cells leading to their excitation.

While generalized neuronal activation induced by iv cocaine appears to be the cause for
rapid changes in NAc oxygen and glucose, our data with cocaine methiodide confirme the
peripheral source of this activation. This cocaine analog fails to cross the BBB,12 but it
induced short-latency increases in NAc oxygen that were similar to those induced by cocaine
HCI. As shown previously, this BBB-impermeable cocaine analog also mimicked cocaine
in its ability to induce rapid EEG desynchronization,13 to excite accumbal neurons,?!
increase brain temperature,2® and induce phasic increases in NAc glutamate and glucose
levels.14 26 While the immediate effects of both cocaine analogs were surprisingly similar,
there were important differences in the delayed effects of these drugs and in their behavioral
outcomes. In contrast to cocaine HCI, cocaine methiodide did not induce notable locomotor
activation?® and its effects on NAc glutamate were much weaker, showing within-session
tolerance.14 Since cocaine methiodide cannot enter the brain, it appears that its effects are
triggered from the periphery. Furthermore, the rapidity of these effects implies fast neural
transmission from peripheral receptor sites to the CNS. Although cocaine HCI easily enters
the CNS, the similarity of its neural effects with both its BBB-impermeable methiodide
analog and sensory stimuli suggests that the rapid neural effects of iv cocaine are triggered
from the periphery through fast neural transmission.

The rapid neural effects of cocaine discussed in this study are too fast to reflect direct
central action. Although cocaine enters cerebral blood vessels ~10 s after the start of the

iv injection, substantial time is needed to cross three cellular levels of the BBB, passively
diffuse to specific neural substrates and to interact with them. The rapid changes in multiple
neural parameters are also inconsistent with the slower and more prolonged increases in
brain cocaine levels evaluated by PET27 and much slower and weaker changes in DA
uptake induced by iv cocaine at behaviorally relevant doses (0.5-1.0 mg/kg) as assessed by
fast-scan voltammetry combined with local DA microinjections;28 however, see 29,

The similarity of the rapid neural effects induced by somatosensory stimuli and both cocaine
analogs suggests that they share a common underlying mechanism involving activation of
peripherally located neural substrates and rapid neural transmission. However, the exact
nature of these substrates and pathways transmitting this signal to the CNS remain unclear.
One possibility is the interaction of cocaine with multiple ionic channels (i.e., voltage-gated
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Nat, K*, Ca?*, TRP channels) that are densely expressed on terminals of sensory nerves
that innervate peripheral vessels.39-33 These channels are activated by multiple types of
“pathological” shifts in blood chemicals and often viewed as visceral nociceptors. These
substrates could be directly activated by cocaine when its levels rapidly and strongly
increase after iv administration, thus generating the ascending excitatory drive to the CNS
using neural pathways transmitting the effects of visceral somatosensory stimuli. While
analytical research employing other techniques is necessary to determine the nature of
peripheral neural substrates activated following iv cocaine administration, it is a difficult
challenge to undertake because of the inability to pharmacologically block multiple neural
targets and the complexity of neural pathways transmitting visceral signals to the CNS.

MATERIALS AND METHODS

Subjects

15 adult male Long-Evans rats (Charles River Laboratories) weighing 460+40 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 (lights on at 6:00) 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). Maximal care was taken to minimize the number of
experimental animals and any possible discomfort at all stages of the study.

Overview of the study

This study describes the results of two electrochemical experiments, in which we monitored
changes in NAc oxygen levels induced by iv injections of either cocaine HCI or cocaine
methiodide in awake, freely-moving rats.

Surgical preparations

Surgical procedures for the electrochemical experiments have been described in detail
elsewhere.20: 34 |n brief, under general anesthesia with Equithesin (a mixture of sodium
pentobarbital and chloral hydrate), the rats were unilaterally implanted in the right NAc
with a BASi guide cannula (Bioanalytical Systems, West Lafayette, IN, USA) into which an
oxygen sensor was later inserted. In several rats, oxygen sensors were implanted chronically.
Target coordinates of the recordings in the right NAc shell were: AP +1.2 mm, ML +0.8
mm, and DV +7.6 mm from the skull surface, according to coordinates of the rat brain
atlas.3® The guide cannula or the sensor was secured with dental acrylic in a head mount
anchored to the skull. During the same surgical procedure, rats were also implanted with a
chronic jugular catheter, which ran subcutaneously to the head mount and was secured to
the same head assembly. Rats were allowed a minimum of 5 days of post-operative recovery
and at least 3 daily habituation sessions (~6 h each) to the recording environment. Jugular
catheters were flushed daily with 0.2 ml heparinized saline to maintain patency.

Electrochemical detection of oxygen

We used commercially produced oxygen sensors (Model 7002-02; Pinnacle Technology,
Inc., Lawrence, KS, USA) that consisted of an epoxy-sheathed disc electrode that is
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grounded to a fine surface using a diamond-lapping disc. These sensors are prepared from
Pt-Ir wire 180 pm in diameter, with a sensing area of 0.025 mm? at the sensor’s tip. The
active electrode is incorporated with an integrated Ag/AgCl reference electrode. Dissolved
oxygen is reduced on the active surface of these sensors, which is held at a stable potential
of —0.6 V vs. the reference electrode, producing an amperometric current. The current from
the sensor is relayed to a computer via a potentiostat (Model 3104, Pinnacle Technology)
and recorded at 1-s intervals using the PAL software utility (Pinnacle Technology).

Oxygen sensors were calibrated at 37 °C by the manufacturer (Pinnacle Technology)
according to a standard protocol described elsewhere.38 The sensors produced incremental
current changes with increases in oxygen concentrations within the wide range of previously
reported brain oxygen concentrations (0-40 uM). Substrate sensitivity of oxygen sensors
varied from 0.95-1.64 nA/uM (mean = 1.34 nA/uM). Oxygen sensors were also tested

by the manufacturer for their selectivity toward other electroactive substances, including
dopamine (0.4 uM) and ascorbate (250 uM), none of which had significant effects on
reduction currents.

Experimental procedures

At the beginning of each experimental session, rats were minimally anesthetized (<2 min)
with isoflurane and the sensor (either inserted through the guide cannula or chronically
implanted) was connected to the potentiostat via an electrically shielded cable and multi-
channel electrical swivel. The injection port of the jugular catheter on the head mount was
connected to a plastic catheter extension that allowed drug delivery from outside the cage,
thus minimizing detection of iv drug injections by the rat. Testing began two hours after
connecting the sensor to the potentiostat when the baseline currents stabilized.

During each session, rats received three iv injections of either cocaine HCI (1 mg/kg)

or cocaine methiodide at an equimolar dose (1.33 mg/kg) and were exposed once to a
brief auditory stimulus (75 dB, 0.25 s). This stimulus was presented as the first event

of a session before any drug injections. Both drugs were delivered in equal 0.3-0.4 ml
volumes over a 30-s injection duration. Time intervals between injections were 120 min,
typically enough for the restoration of pre-stimulus current baselines. At the end of each
session, rats were anesthetized with Equithesin via iv catheter and disconnected from the
potentiostat. Typically, rats underwent 1 to 2 recording sessions and upon completion they
were euthanized by decapitation under deep isoflurane anesthesia. In rats with chronically
implanted sensors, we conducted two recording sessions with each drug. The rat brains
were histologically evaluated to verify sensor location and possible brain tissue damage.
In this study, we did not test the effects of saline administration. As shown previously,

iv saline injections conducted from outside of the chamber via the catheter extension

has negligible effects on locomotor activity, cortical EEG, brain temperatures, and NAc
glutamate levels.37: 38

Data analysis.

Electrochemical data were sampled at 1 Hz and analyzed with both slow (1-min) and rapid
(4-s) time resolution. First, data were analyzed as raw currents. Because each individual
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sensor had slightly different substrate sensitivity /n vitro, currents were then transformed
into concentrations and represented as relative concentration changes with the pre-stimulus
baseline current set to 100%. One-way repeated measure ANOVAs (followed by Fisher LSD
post-hoc tests) were used to evaluate the statistical significance of drug-induced changes in
oxygen levels. Two-way ANOVA was used to compare the differences in oxygen changes
induced by two cocaine analogs.

This research was supported by the Intramural Research Program of the NIH, NIDA (Project 1ZIADA000445-13)
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Figurel.
Original records of changes in NAc oxygen levels induced by cocaine HCI (A), cocaine

methiodide (B), and a short auditory stimulus (C) in awake freely-moving rats. Current
values (nA) were collected with 1-s time resolution and transferred into concentration
values (uUM). Dotted vertical lines show the onset of iv injections and auditory stimulus
presentation.
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Figure2.
Mean (xSEM) changes in NAc oxygen levels induced by cocaine HCI (A), cocaine

methiodide (B), and auditory stimulus (C) in awake freely-moving rats. Data are shown
with slow, 1-min time resolution as relative changes vs. the pre-stimulus baseline (=100%).
Bottom graphs show rate of change. Filled symbols show values significantly different from
baseline. Vertical dotted line shows the onset of injections or auditory stimulus presentation;
n represents the numbers of averaged tests.
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Mean (xSEM) changes in NAc oxygen levels induced by cocaine HCI (A), cocaine
methiodide (B), and auditory stimulus (C) in awake freely-moving rats. Data are shown
with rapid, 4-s time resolution as relative change vs. the pre-stimulus baseline (=100%).
Bottom graphs show rate of change. Filled symbols show values significantly different
from baseline. First vertical dotted lines show the onset of injection or auditory stimulus
presentation. Second dotted line in A and B show offset of cocaine injection; n represents

the numbers of averaged tests.
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The relationship between cocaine-induced changes in NAc oxygen and (A) NAc changes in
glucose, (B) changes in beta and gamma EEG activity, and (C) changes in NAc glutamate.
Small black circles in all graphs show changes in oxygen analyzed with 4-s time resolution.
First dotted vertical line in all graphs shows the onset of the 30-s cocaine injection, second

dotted line in B and C shows the offset of the injection. Second blue line in A shows

standard errors in upright direction. See text for other explanation.
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