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ABSTRACT

Incidence of prescription opioid abuse and overdose, often led
by oxycodone, continues to increase, producing twice as many
overdose deaths as heroin. Surprisingly, preclinical reports
relevant to oxycodone’s abuse-related effects are relatively
sparse considering its history and patient usage. The goal of
this study was to characterize dose- and time-dependent effects
of acute and repeated oxycodone administration in a frequency-
rate intracranial self-stimulation (ICSS) procedure, an assay
often predictive of drug-related reinforcing effects, in male
Sprague-Dawley rats. We hypothesized that oxycodone
would produce a biphasic profile of rate-increasing and rate-
decreasing effects maintained by ICSS similar to u-opioid
receptor agonists. Oxycodone (0.03, 0.3, 1, and 3 mg/kg, s.c.)
produced dose- and time-dependent alterations on ICSS, with
the predicted biphasic profile of rate-increasing effects at lower

stimulation frequencies followed by rate-decreasing effects at
higher frequencies. Peak effects were observed between 30 and
60 minutes, which were reversed by naloxone pretreatment
(30 minutes). Tolerance to rate-decreasing effects was observed
over a 5-day period when rats were treated with 1 mg/kg
oxycodone twice a day. Subsequently, the dosing regimen was
increased to 3 mg/kg twice a day over 10 days, although further
marked tolerance did not develop. When then challenged with
10 mg/kg naloxone, a significant suppression below baseline
levels of ICSS-maintained responding occurred indicative of
dependence that recovered to baseline within 5 hours. The
results of this study provide the first report of acute and chronic
effects of oxycodone on responding maintained by ICSS
presentation and the use of ICSS-maintained responding to
characterize its tolerance and dependence effects.

Introduction

Oxycodone is a semisynthetic opioid derived from the
alkaloid compound thebaine found in opioid poppies. It has
been used for almost 100 years in medicine, mostly for the
treatment of various forms of pain (Kalso, 2005; Wightman
et al., 2012). Although oxycodone has excellent efficacy as an
analgesic, it also produces tolerance and dependence, similar
to other opioid compounds (Mars et al., 2014). Patients treated
with oxycodone for extended periods of time require larger
doses to achieve desired analgesic effects, and eventually some
patients report taking the drug to avoid or alleviate with-
drawal symptoms and transitioning to abuse of the drug for
nonmedical purposes (Jones et al., 2011a,b; Mars et al., 2014).
The use and sales of oxycodone have greatly increased since
the late 20th century in the United States, with sales in-
creasing over 4-fold (Cobaugh et al., 2014) which has been
mirrored by a pattern ofillicit use and overdose deaths. Recent
statistics show that prescription opioids cause over twice as
many overdose deaths as heroin (Centers for Disease Control
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and Prevention, 2015). Furthermore, at least one recent study
has shown that oxycodone was involved in the majority of
opioid-related deaths among all opioid compounds (Hirsch
et al., 2014).

Despite the rampant use of oxycodone for both medicinal
and recreational reasons, while approaching a centenary of
availability, there have been relatively few preclinical studies
characterizing oxycodone’s abuse-related effects. In particu-
lar, there have been relatively few preclinical reports charac-
terizing the reinforcing and dependence-producing properties
of the drug. In terms of its reinforcing-related effects, oxy-
codone has been reported to be self-administered by labora-
tory animals, including rats (Beardsley et al., 2004) and mice
(Zhang et al., 2009, 2015). Oxycodone also produces condi-
tioned place preference in rats (Rutten et al., 2011) and mice
(Bryant et al., 2014; Kirkpatrick and Bryant, 2014). Oxy-
codone dependence reports are also relatively rare. Hutch-
inson et al. (2009) reported that delivering 21 days of
oxycodone to rats via osmotic minipumps resulted in sub-
stantial weight loss upon termination of drug administration
after pump removal indicative of physical dependence. The
authors reported that they did not analyze the somatic signs of
oxycodone withdrawal because of the “severity of ... with-
drawal” it produced (Hutchinson et al., 2009). Beardsley et al.
(2004) reported that oxycodone dose-dependently suppressed

ABBREVIATIONS: ANOVA, analysis of variance; FR1, fixed-ratio 1; ICSS, intracranial self-stimulation; MFB, medial forebrain bundle.
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signs of spontaneous withdrawal in morphine-dependent mon-
keys and concluded that oxycodone shared cross-dependence
with morphine. Also pertinent to the abuse-related effects
of oxycodone is its ability to induce locomotor sensitization
and its discriminative stimulus effects. Oxycodone can induce
locomotor sensitization (Liu et al., 2005; Niikura et al., 2013;
Bryant et al., 2014) and has heroin-like discriminative
stimulus effects with a similar potency to heroin (Beardsley
et al., 2004).

Intracranial self-stimulation (ICSS) is a preclinical procedure
that can be predictive of abuse-related effects of drugs (Wise,
2005; Negus and Miller, 2014; Bespalov et al., 2015). During
ICSS, animal subjects are trained to emit a response (e.g., lever
pressing) reinforced with electrical stimulation through an
electrode typically implanted in the mesolimbic dopamine
reward pathway, such as the medial forebrain bundle (MFB).
Drugs of abuse tend to increase or produce leftward shifts
in response rates as a function of ICSS frequency, whereas
drugs or other manipulations associated with presumed
aversive effects (e.g., antipsychotics or drug withdrawal) tend
to decrease or produce rightward shifts. Preclinical studies
involving oxycodone and reward or reinforcement are limited,
and there is only one that we are aware of that has assessed
oxycodone in ICSS (Ewan and Martin, 2011). The primary end
point of that study was to assess neuropathic pain; as such, the
authors did not thoroughly characterize oxycodone in ICSS, as
it was used as a control procedure.

The primary objective of this study was to test the hypoth-
esis that oxycodone would produce a biphasic profile of rate-
increasing and rate-decreasing effects maintained by ICSS
similar to other u-opioid receptor agonists such as morphine
(Altarifi and Negus, 2011). The goals of this study were to
assess the effects of acute and repeated oxycodone adminis-
tration on ICSS, as well as to use changes in responding
maintained by ICSS to infer tolerance and dependence effects.
We first evaluated oxycodone in acute dose-response and
time-course tests in ICSS. We then tested the effects of an
opioid receptor antagonist, naloxone, for its ability to reverse
oxycodone-mediated effects. We then evaluated ICSS before,
during, and after repeated administration of two dose (1 and
3 mg/kg) regimens of oxycodone. Finally, we assessed the
effects of precipitated withdrawal on ICSS, as well as the
possible emergence of spontaneous withdrawal.

Materials and Methods

Subjects. This study used male Sprague-Dawley rats (Jackson
Laboratories, Indianapolis, IN) that weighed between 380 and 420 g at
the time of surgery and had ad libitum access to food (7012 Teklad LM-
485 Mouse/Rat Sterilizable Diet; Harlan, Indianapolis, IN) and water.
Rats were individually housed in a temperature-controlled (20-22°C)
Association for Assessment and Accreditation of Laboratory Animal
Care—accredited facility and maintained on a 12-hour/12-hour light/
dark cycle (0600-1800 hours lights on) with testing occurring during
the light cycle. There were 23 total rats used for this study. Four
subjects failed to acquire stable ICSS behavior after surgery, two rats
were not included because of variable baseline ICSS throughout
repeated testing, and one rat was removed for health reasons.
Therefore, 16 total rats were used for data analysis. We used a mixed
design because some subjects completed one experiment and some
rats were used in all experiments. All experiments were conducted in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Virginia

Commonwealth University Institutional Animal Care and Use
Committee.

Apparatus. ICSS testing was conducted in 12 standard, commer-
cially obtained, rat operant conditioning chambers (model ENV-007;
Med Associates, Inc., St. Albans, VT). Each chamber was equipped
with retractable levers (located in each corner of the front chamber
wall), two light-emitting diode stimulus lights, and a 5-W chamber
house light. The outside of each chamber was equipped with a
suspended electrical commutator connected to an electrical stimulator
(model PHM-152; Med Associates, Inc.), as well as a tether that was
connected to the electrode implant. Chambers were enclosed within
sound- and light-attenuating chambers equipped with exhaust fans.
MED-PC IV software (Med Associates, Inc.) was used to record lever
presses and to control stimulus activation sessions.

Stereotaxic Surgery. Surgical procedures for implanting elec-
trodes in rats were similar to those previously reported (Carlezon and
Chartoff, 2007). Rats were anesthetized with isoflurane inhalation
(approximately 3%) and continued delivery during surgical procedures.
Bipolar twisted stainless steel electrodes (0.125-mm single wire diameter;
Plastics One, Roanoke, VA) were implanted into the right MFB of the rats
using coordinates similar to those reported by Carlezon and Chartoff
(2007): 2.8 mm posterior of the bregma, 1.7 mm lateral from the midline,
and 8.8 mm from the skull. After the hole for the electrode was drilled,
three holes were bored into the skull surrounding the area the electrode
would be placed and anchoring screws were secured. Finally, an electrode
was inserted and fixed to the skull using dental cement. Rats were given
postoperative care for 5 days after surgery, including treatment with
bacitracin and physical and behavioral health monitoring (e.g., checking
weight, physical appearance, etc.), and they were introduced to operant
chambers 1 week after surgery.

ICSS. After recovery, rats began lever-press training. Training
procedures were similar to previous conditions we reported when using
mice, except rats were used in this study (Wiebelhaus et al., 2015). Rats
were trained to lever press on a fixed-ratio 1 (FR1) schedule of
reinforcement, in which each lever press resulted in a 0.5-second train
of square-wave cathodal pulses (0.1-millisecond pulse duration) at a
frequency of 158 Hz that were accompanied by the activations of the
stimulus lights and the offset of the house light. Amplitudes of
stimulation were adjusted for each rat on an individual basis to produce
maximal responding. Rats were exposed to daily 30- to 60-minute FR1
training sessions until they maintained stable responding at above a
threshold response rate (i.e., =35 responses per minute). Stimulation
amplitudes were adjusted individually between 55 and 300 uA to
maintain maximal rates before testing began.

After stable responding was maintained, rats began frequency-rate
training. During frequency-rate training, rats were presented with
and allowed to respond for a series of 10 descending stimulation
frequencies at 0.05 log unit increments (158 to 56 Hz; i.e., 2.2 to
1.75 log Hz), in contrast with only being exposed to one frequency
(158 Hz) during FR1 training. During each frequency presentation
within a series, rats experienced a 5-second time-out followed by
5 seconds of five noncontingent stimulation of a scheduled frequency
accompanied by the flashing of the stimulus lights and the offset of the
house lights, which in turn was followed by a 60-second period during
which they were allowed to lever press for additional stimulations. The
stimulation frequency was then decreased by 0.05 log units, and the
next frequency presentation began. The series of frequency presenta-
tions were repeated between three and five times per training session.
Current amplitudes were individually adjusted as needed for each
subject to maintain = 50% baseline maximal responding in at least
three and fewer than eight frequencies before experiments began. The
first series of frequency presentations each day was considered a daily
“warm-up” period and data were excluded from all analyses. The next
two series were averaged together to create the baseline response
curve for that day. After a given treatment, rats were again allowed
to respond for at least two series of frequencies, which were averaged
together for analysis. Rats were considered eligible for testing
when the total responses during baseline varied by less than 20% for



Acute and Repeated Oxycodone, Tolerance, Withdrawal: Effects on ICSS

3 consecutive days of assessment, response rates during vehicle/saline
tests were between 80% and 120% of baseline responding for at least two
consecutive assessments, and frequency-rate curves were considered
curvilinear (via visual analysis).

On test days, rats were placed in the chambers and allowed to
respond during the “warm-up” and baseline phases. Immediately after
baseline responding, rats were removed from operant chambers,
placed in their home cages, and injected with drug or vehicle. After
the selected pretreatment time, rats were returned to the operant
chambers for testing during an additional series of frequency presen-
tations considered the test series. Initially, injections of vehicle were
administered to ensure that injections did not significantly affect the
frequency-rate curves before beginning dose-response tests. Vehicle
tests were also conducted after completion of dose-response tests to
ensure that conditioned effects did not develop over time, and that
baselines remained stable throughout the course of the experiment.
Rats were exposed to oxycodone doses in ascending order, except for
0.03 mg/kg, which was tested last. This study used a mixed design,
wherein some subjects completed only one drug curve and other
subjects completed several tests.

Experimental Design. Rats were initially tested at several time
points (5, 30, 60, 180, and 300 minutes) after subcutaneous adminis-
trations of oxycodone (0.03, 0.3, 1, and 3 mg/kg). Doses were tested in
ascending order, except 0.03 mg/kg, which was tested last. A separate
group of subjects were tested with naloxone (1, 3, and 10 mg/kg;
40-minute pretreatment time) to characterize effects of naloxone on
ICSS in opiate-naive rats. Rats were then tested with 3 mg/kg naloxone
plus 1 mg/kg oxycodone (40-minute and 30-minute pretreatment times,
respectively) to determine whether the effects of oxycodone were medi-
ated through opioid receptors. The dose and pretreatment time of
oxycodone and naloxone for antagonism tests were chosen to evaluate
ICSS facilitating and attenuating effects produced by oxycodone at a
single time point, as well taking into account the relatively short half-
life of naloxone (Ngai et al., 1976). After time-course testing and
naloxone antagonism, rats began the repeated dosing component of
studies and were first assessed using ICSS with vehicle given 30 and
60 minutes before the start of the session (day 0). The next day, rats
were administered oxycodone (1 mg/kg) twice daily (10:00 AM and
6:00 PM) for 5 consecutive days after daily baseline sessions (days 1-5).
Rats were tested with ICSS after the initial oxycodone injection each
day. After 5 days of 1 mg/kg treatment, rats began receiving 3 mg/kg
oxycodone twice daily (10:00 AM and 6:00 PM) for 10 consecutive days
(days 6-15). ICSS was assessed 30 and 60 minutes after the initial
injection each day. On day 16, rats responded during an ICSS baseline
session and then were given 1 mg/kg oxycodone to determine the effects
of repeated drug administration on oxycodone-facilitated ICSS. After
the 1 mg/kg oxycodone challenge (30- and 60-minute pretreatment test
times), rats were administered naloxone (10 mg/kg) to precipitate
withdrawal (2 hours after oxycodone injection). Rats were subsequently
tested 5, 30, 60, 180, and 300 minutes after naloxone administration to
characterize the time course of withdrawal effects. After over 2 weeks of
drug and training abstinence, subjects were assessed in ICSS again to
evaluate baseline stability. Rats were then tested at the same time
points with naloxone (10 mg/kg) and vehicle, to serve as a control and
determine whether a high dose of naloxone had any effects on ICSS at
any time point.

Drugs. Oxycodone HCl (Mallinckrodt, Hazelwood, MO), and nalox-
one HCI (Sigma-Aldrich, St. Louis, MO) were dissolved in 0.9% saline
(General Laboratory Products, Yorkville, IL). All drugs were adminis-
tered subcutaneously at a volume equivalent to 1 ml/kg body weight.

Data Analysis. The independent variable measured in the ICSS
studies was stimulations per minute during each frequency trial. ICSS
response data were expressed and analyzed using three different
methods. In the first method, data were normalized to the highest
response rate recorded during the baseline frequency-rate curve
generated for each individual rat. This transformation allowed data
to be expressed as the percent maximum control rate that normalized
individual response rates across subjects. These data were then
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used to generate the frequency-rate curves, which were assessed
using repeated-measures, two-way analyses of variance (ANOVAs)
(treatment x frequency) between either vehicle and drug curves or
baseline and treatment curves depending on the condition being
tested. When significant interactions in the ANOVA were determined,
Holm-Sidak tests were used for post hoc analyses, to analyze differ-
ences at specific frequencies between treatment conditions.

A second method was used to conduct between-dose comparisons and
to provide summary data. The total number of stimulations during the
test series was divided by the total number of responses during the
baseline series and multiplied by 100 to produce percent baseline
stimulations (Negus et al., 2010). This effectively collapsed all of the
separate frequency stimulation rates into an overall stimulation count
and allowed for comparison of data between days/treatments. This
calculation was performed for all doses of each drug and vehicle and
those values were analyzed using repeated-measures one-way ANOVAs.
Dunnett’s post hoc tests were conducted contingent upon significant
ANOVAS to compare treatment groups with vehicle or baseline controls.

A third method analyzed baselines over the course of the experiments
expressing percent day O baseline stimulations. The calculation was
identical to calculation of the percent baseline stimulations, except all
days were normalized to day O baselines to determine the effect of
repeated oxycodone treatment over time. Comparisons were also analyzed
using a repeated-measures one-way ANOVA. A Dunnett’s post hoc test
was conducted contingent upon a significant ANOVA to compare baseline
days during repeated oxycodone dosing to the day 1 baseline levels. All
subjects grouped together for repeated-measures ANOVAs received all
manipulations included for each separate analysis.

Results

Effects of Oxycodone on ICSS: Dose Response and
Time Course. Oxycodone produced dose- and time-dependent
effects on ICSS (Fig. 1). Baseline frequency response curves
were stable across time, and there were no differences among
these curves across oxycodone doses tested (Fig. 1A), and total
baseline stimulations were thus used to normalize responding
during various time points (Fig. 1D). At 5 minutes, 0.03
facilitated ICSS at one frequency and 0.3 mg/kg oxycodone
increased ICSS response rates at five intermediate (1.8—
2.0 log Hz) frequencies (Fig. 1B). By contrast, 1 mg/kg
oxycodone had little effect at frequencies up to 2.0 log Hz and
attenuated responding at the highest four frequencies (2.05 to
2.2 log Hz), and 3 mg/kg oxycodone reduced response rates at
seven frequencies (1.9-2.2 log Hz). Percent baseline stimula-
tion results at 5 minutes were similarly affected, because
0.3 mg/kg facilitated ICSS and 3 mg/kg attenuated ICSS (Fig.
1E). At 30 minutes, a similar profile of effects occurred as was
observed at 5 minutes, with 0.03 mg/kg oxycodone having
little systematic effect, 0.3 mg/kg generally facilitating ICSS,
1 mg/kg first increasing and then decreasing ICSS as fre-
quency was increased, and 3 mg/kg reducing ICSS (Fig. 1C).
These same effects on ICSS were captured with percent
baseline stimulations except for 1 mg/kg, which did not affect
this measure, probably because of the biphasic nature of the
responding (facilitation of low frequencies, and attenuation of
high frequencies; Fig. 1F). At 60 minutes, 0.3 and 1 mg/kg
oxycodone facilitated ICSS at intermediate frequencies,
whereas 3 mg/kg continued to attenuate ICSS (Fig. 1G); these
effects were evident on percent baseline stimulations as well
(Fig. 1J). At 180 minutes, responding began to return to vehicle
levels; 0.3 and 3 mg/kg oxycodone significantly facilitated
frequency-rate responding at 2.0 log Hz and 3 mg/kg attenuated
ICSS at 2.2 log Hz, whereas all other doses/frequencies did not
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Fig. 1. Oxycodone dose- and time-dependent effects on ICSS. Frequency-rate response curves (A—C and G-I) and percent baseline stimulations (D-F and J-L)
for the effects of oxycodone with vehicle (saline) at multiple time points (baseline, 5, 30, 60, 180, and 300 minutes). (A) There were no differences between baseline
frequency-rate response curves for any dose, as there was no effect of baseline day (F4, o3 = 2.18, P = 0.10) or an interaction between treatment baselines and
frequency (Fsg, 952 = 1.21, P = 0.21). (B) Frequency-rate analysis at 5 minutes showed a main effect of oxycodone dose (Fy, 25 = 23.75, P < 0.0001) and an
interaction between dose and frequency (Fsg, 252 = 5.37, P < 0.0001). (C) At 30 minutes, there was a main effect of dose (Fy, 25 = 30.16, P < 0.0001) and an
interaction between dose and frequency (Fsg 250 = 12.44, P < 0.0001). (D) Percent baseline responding was used to normalize baselines for each dose. (E) Percent
baseline stimulation analysis showed differential effects of oxycodone at 5 minutes (Fy, 25 = 20.42, P < 0.0001). (F) Percent baseline stimulation analysis also
showed effects of oxycodone at 30 minutes (Fy, 95 = 28.56, P < 0.0001). (G) At 60 minutes, there was a main effect of dose (Fy, o3 = 64.11, P < 0.0001) and an
interaction between dose and frequency (Fsg, 252 = 10.83, P < 0.0001). (H) At 180 minutes, there was no main effect of dose (Fy, o5 = 1.15, P = 0.35), but there was
an interaction between dose and frequency (Fsg 252 = 1.85, P < 0.01). (I) At 300 minutes, there was no effect of dose (F, o5 = 1.15, P = 0.35) or an interaction
between dose and frequency (Fsg, 52 = 0.88, P = 0.66). (J) There was also an effect on percent baseline stimulations at 60 minutes (Fy, o5 = 84.67, P < 0.0001).
(K) There was no effect on percent baseline stimulations at 180 minutes (F, o5 = 1.81, P = 0.15). (L) There were also no effects on percent baseline stimulations at
300 minutes (Fy, 25 = 1.23, P = 0.32). Frequency-rate response values represent the mean normalized response rate (percent of maximum control responding) across
10 frequency presentations (1.75-2.20 log/Hz). Percent baseline stimulations represent the total number of responses across all test frequency presentations
expressed as a percentage of each individual subject’s total baseline responses. All values represent mean + S.E.M. (error bars excluded from frequency-rate
panels) of eight rats. For frequency-rate panels, significant differences compared with vehicle at the respective frequencies are denoted by filled symbols (gray: P <
0.05; black: P < 0.01). Significant differences for percent baseline stimulations panels are denoted by asterisks (**P < 0.01; ***P < 0.001; ****P < 0.0001).
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differ from vehicle responding (Fig. 1H). Percent baseline stim- Effects of Naloxone-Precipitated Oxycodone With-
ulations at 180 minutes were generally similar to frequency-rate drawal on ICSS. Naloxone (10 mg/kg) precipitated with-
results in that there were no differences from vehicle (saline) drawal in subjects repeatedly administered oxycodone (1 then
responding (Fig. 1K). At 300 minutes, frequency-rate and per- 3 mg/kg twice a day across 15 days). On day 16, 2 hours after
cent baseline stimulations had returned to vehicle levels, and the final 1 mg/kg oxycodone test, subjects were administered
there were no differences of any dose compared with vehicle naloxone and ICSS was measured at various time points.
(Fig. 1,1 and L). Naloxone significantly attenuated frequency-rate ICSS com-
Effects of Naloxone and Naloxone Antagonism of pared with daily baseline between 5 and 180 minutes after
Oxycodone on ICSS. To assess the involvement of opioid administration (Fig. 4A). Similarly, percent baseline stimula-
receptors, naloxone was administered before oxycodone. tions were also attenuated (Fig. 4B). ICSS responding was
Naloxone (1-10 mg/kg) did not affect frequency-rate or reduced by50%—75% between 5 and 180 minutes after naloxone
percent baseline stimulation ICSS responding (Fig. 2, A administration (inferential statistics not conducted because of
and B). Naloxone (3 mg/kg) blocked the effects produced by the absence of a chronic vehicle group). Responding returned to
1 mg/kg oxycodone on ICSS, because the only treatment that daily baseline levels 300 minutes after naloxone was given.
significantly differed from vehicle plus vehicle was vehicle Time Course of Naloxone Effects. To serve as a control
plus 1 mg/kg oxycodone (Fig. 2C). for the 10 mg/kg naloxone-precipitated withdrawal data,
Effects of Repeated Oxycodone (1 and 3 mg/kg) on naloxone was tested at the same time points (5—300 minutes)
ICSS. Repeated oxycodone administration (1 mg/kg, twice a given alone and compared with vehicle effects. There were no
day for 5 days) resulted in tolerance development to the rate- differences between frequency-rate baselines before corre-
decreasing effects observed at high frequencies at 30 minutes sponding saline and naloxone treatment (Fig. 5A). There were
post-treatment, while maintaining facilitation at low fre- also no differences between the two treatments at 5 minutes
quencies (Fig. 3A). This pattern of effect was preserved after and 180 minutes (Fig. 5, B and E). ICSS was mildly attenuated
subsequent treatment with 10 days of 3 mg/kg oxycodone by naloxone at 30 and 60 minutes, because only one frequency
administration twice a day (see day 16, Fig. 3A). The facilitation =~ was reduced at each time point (Fig. 5, C and D), and was
of ICSS produced by 1 mg/kg oxycodone at 60 minutes was mildly facilitated at 300 minutes (Fiig. 5F). Analysis of percent
maintained after repeated dosing of both 1 and 3 mg/kg (15days baseline stimulations showed identical effects as frequency-
total twice-daily dosing; Fig. 3C). Tolerance to the rate- ratecurves (Fig.5G). Overall, naloxone (10 mg/kg) had modest
decreasing effects at 30 minutes is also shown with percent effects on ICSS.
baseline stimulations, because day 1 did not differ from saline; Effects of Repeated Oxycodone on Baseline ICSS
however, as exposure to oxycodone continued, responding was Responding: Potential Spontaneous Withdrawal
facilitated relative to vehicle (Fig. 3E). Tests at 60 minutes Effects. Baselines before, during, and after repeated dosing
showed that 1 mg/kg facilitated ICSS throughout repeated were analyzed to determine whether there were any rightward
dosing (Fig. 3E). Tolerance to the rate-decreasing effects of shifts, or attenuation of ICSS, suggestive of spontaneous
3 mg/kg oxycodone did not develop when given repeatedly withdrawal effects indicative of physical dependence. After 5
(twice a day for 10 days, immediately after 5 days of 1 mg/kg; days of repeated oxycodone (1 mg/kg), the baseline was already
Fig. 3, B and D). The attenuation of ICSS produced by 3 mg/kg shifted to the right compared with the day 1 baseline (before
was maintained throughout testing at both 30 and 60 minutes oxycodone dosing). Baselines continued shifting to the right
(Fig. 3, B and D, respectively). Percent baseline stimulation during and after 3 mg/kg dosing and returned to day 1 baseline
analysis did not result in a significant ANOVA due to high responding after a 2.5-week period of drug abstinence (day 34),
between-subject variability, but it showed a clear attenuation of ~ with responding at only one frequency (2.0 Hz) attenuated from

ICSS similar to that of frequency-rate results (Fig. 3F). day 1 baseline. These shifts in baseline responding to the right,
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Fig. 2. Naloxone effects on ICSS and antagonism of oxycodone (1 mg/kg). (A) Naloxone (1-10 mg/kg) did not produce any effects on ICSS frequency-rate
curves; there was no effect of dose (F5 15 = 2.90, P = 0.06) and no interaction between dose and frequency (Fg7, 162 = 1.16, P = 0.31). (B) Naloxone did not
produce any effects on percent baseline stimulations either (F3 15 = 1.75, P = 0.19). (C) Administration of naloxone (3 mg/kg) blocks effects on ICSS
produced by 1 mg/kg oxycodone. Vehicle plus oxycodone was the only treatment that was significantly different from vehicle plus vehicle; there was no
main effect of treatment (F3 15 = 2.10, P = 0.14), but there was a significant interaction between treatment and frequency (Fa7, 162 = 2.51, P < 0.001).
Significant differences for frequency-rate curves (A and C) are denoted by filled symbols (gray: P < 0.05; black: P < 0.01). All values represent means *
S.E.M., and error bars on frequency-rate curves are omitted for clarity (n = 7). oxy, oxycodone.
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Fig. 3. Effects of repeated oxycodone (1 and 3 mg/kg): 1 mg/kg was given twice daily for 5 consecutive days, immediately followed by 10 consecutive days of
3 mg/kg. ICSS was evaluated at 30 and 60 minutes each day after the morning treatment. (A, C, and E) Effects of repeated 1 mg/kg oxycodone at 30 and
60 minutes on days 1, 5, and 16 of repeated dosing. (B, D, and F) Effects of repeated 3 mg/kg oxycodone on days 6, 10, and 15 of repeated dosing. (A and B) There
was a significant effect on ICSS frequency-rate responding after repeated dosing with oxycodone (1 and 3 mg/kg) at 30 minutes, because there was a main
effect of treatment day for both doses (1 mg/kg: F'3 94 = 6.73, P < 0.01; 3 mg/kg: F'5 o4 = 16.49, P < 0.0001, respectively) and an interaction between treatment
day and frequency for both doses (1 mg/kg: Fa7, 216 = 5.30, P < 0.0001; 3 mg/kg: Fo7, 216 = 16.48, P < 0.0001). (C and D) There was a significant effect of
treatment day with 1 mg/kg oxycodone at 60 minutes (F5 o4 = 5.56, P < 0.01); although there was no effect of treatment day for 3 mg/kg (F3 o4 =2.97, P = 0.05),
there was an interaction between treatment day and frequency for 1 and 3 mg/kg (1 mg/kg: Fa7, 916 = 2.67, P < 0.0001; 3 mg/kg: Fo7, 216 = 6.91, P < 0.0001). (E)
Effects of repeated 1 mg/kg oxycodone on percent baseline stimulations. There was no effect of time point (30 or 60 minutes; F; g = 3.42, P = 0.10) for 1 mg/kg
oxycodone, whereas there was an effect of treatment day (1, 5, or 16; F3 4 = 13.34, P < 0.0001) and an interaction between treatment day and time point (F3 o4 =
3.97, P < 0.0001). (F) Effects of repeated 3 mg/kg oxycodone on percent baseline stimulations. There was no effect of time point (F;, g = 2.36, P = 0.16), there was
an effect of day (F5 94 = 3.96, P < 0.05), and there was no interaction between the two variables (F3 o4 = 1.22, P = 0.32). Significant differences for frequency-rate
curves (A-D) are denoted by filled symbols (gray: P < 0.05; black: P < 0.01) and by asterisks for the percent baseline stimulations (E and F; **#*P < 0.0001). All
values represent means = S.E.M., and error bars on frequency-rate curves are omitted for clarity (n = 9). oxy, oxycodone; VEH, vehicle.
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Fig. 4. Effects of naloxone-precipitated withdrawal after 15 days of twice-daily oxycodone (day 16). (A) After 15 days of repeated oxycodone, naloxone
(10 mg/kg) attenuated ICSS, and there was an effect of naloxone (F5 35 = 7.35, P < 0.0001) and an interaction between naloxone time point and frequency
(F45, 315 = 1.43, P < 0.05) between 5 and 180 minutes after administration compared with daily baseline responding. Oxycodone (1 mg/kg) was given
2 hours prior to naloxone and is represented by the hashed-line with X symbols (also shown for reference in Fig. 3, A and C) and is not included in
statistical analysis. (B) Percent baseline stimulations for the same data set; no stats were conducted on these data because there was no saline control
point to use for comparison, but responding is reduced to approximately 50% of daily baseline through 60 minutes after naloxone administration and
75% at 180 minutes, responding returns to baseline at 300 minutes similar to frequency-rate data. Significant differences for frequency-rate curves (A)
are denoted by filled symbols (gray: P < 0.05, black: P < 0.01). All values represent means = S.E.M., and error bars on frequency-rate curves are omitted

for clarity (n = 9). oxy, oxycodone.

with subsequent recovery after prolonged (18-day) abstinence,
suggest that the emergence of spontaneous withdrawal effects
occurred between the previous day’s oxycodone administration
and the next morning’s administration.

Discussion

In this study, we found that oxycodone had biphasic effects
(facilitating and attenuating) on ICSS as a function of dose
and pretreatment time. In general, 0.3 mg/kg oxycodone
facilitated ICSS or had no effect, whereas 1 mg/kg attenuated
ICSS at the earliest time point (5 minutes), attenuated high
frequencies and facilitated low frequencies at 30 minutes
(similar to the effect of moderate morphine doses on ICSS in
the literature; Altarifi and Negus, 2011), and produced only
facilitation at 60 minutes, and 3 mg/kg oxycodone either
attenuated ICSS or had no effect at all time points.

To our knowledge, there has been only one other published
study in which oxycodone was evaluated for its effects on
ICSS. Ewan and Martin (2011) evaluated several different
opioid compounds, including oxycodone, specifically for their
effects on pain-suppressed ICSS. The study’s focus was on a
neuropathic pain state rather than opioid effects on ICSS
alone; thus, oxycodone was only assessed at one time point,
and the only dependent measure reported was reduction in
EF5o (frequency at which rats emitted 50% of maximal
responding). The authors did show a facilitating effect of
oxycodone on ICSS with 1 and 3 mg/kg at 60 minutes. The
effect of 1 mg/kg oxycodone was similar to that in our study,
whereas Ewan and Martin showed a facilitating effect and our
study showed an attenuating effect of 3 mg/kg at 60 minutes.
There are several procedural differences to consider that could
explain these seemingly disparate results. First, Ewan and
Martin used Fisher 344 rats, whereas this study used
Sprague-Dawley rats. Strain differences can produce profound
differences in drug effects in experimental assays including
ICSS (Fish et al., 2012). Second, the previous study examined

ICSS in the ventral tegmental area of the brain rather than
the MFB. Third, oxycodone was administered intraperitone-
ally in the previous study, rather than subcutaneously as in
this study. Intraperitoneal administration allows for more
first-pass liver metabolism than does subcutaneous adminis-
tration, thus affecting central nervous system levels differ-
ently by identical doses. Fourth, the data were analyzed in a
different manner in the previous study with ICSS, as the
authors used regression analysis to generate EF5q values and
assessed shifts in the curve.

In this study, the effects of 1 mg/kg oxycodone on ICSS at
30 minutes were blocked by pretreatment with naloxone (3 mg/kg),
showing that opioid receptors are necessary for oxycodone to
augment ICSS. Naloxone given alone did not affect ICSS,
which is consistent with the available literature (Borowski
and Kokkinidis, 1992; Altarifi et al., 2012). This indicates that
exogenously administered agonists of the opioid system can
influence ICSS but, observing that naloxone has no effects,
suggests that endogenous opioids are not a critical component
involved in ICSS behavior, at least that involving the meso-
limbic system.

Interestingly, within 5 days of repeated administration of
1 mg/kg oxycodone, rats developed tolerance to the rate-
decreasing effects observed at high frequencies of stimulation,
although not affecting facilitation produced at lower frequen-
cies. These results are similar to those produced by morphine
in frequency-rate ICSS procedures (Altarifi and Negus, 2011).
In apparent contrast with morphine doses up to 18 mg/kg
given twice a day for 7 days (Altarifi and Negus, 2011), the
rate-decreasing effects of 3 mg/kg oxycodone remained con-
stant even after 10 subsequent days of twice-daily adminis-
tration. This was surprising considering that humans report
having to administer more oxycodone over time to maintain
a consistent drug effect or prevent withdrawal symptoms
(Jones et al., 2011a,b; Mars et al., 2014). However, it remains
unknown whether an extended regimen and/or more frequent
injections would be effective in producing tolerance to the
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Fig. 5. Effects of naloxone (10 mg/kg) over time (5-300 minutes). (A) There were no differences between vehicle (saline) and naloxone (10 mg/kg)
baseline responding, because there was no main effect of treatment (¥, 7 = 0.00, P = 0.99) and no interaction between treatment and frequency (Fyg g3 =
1.78, P = 0.09). (B) At 5 minutes, there was no effect of naloxone (¥ 7 = 0.19, P = 0.18), and there was an interaction between naloxone treatment and
frequency (Fy, g3 = 2.09, P < 0.05); however, post hoc tests showed no differences at any frequency. (C) At 30 minutes, there was a main effect of naloxone
(F4, 7=8.51, P < 0.05) and an interaction (Fy, g3 = 2.07, P < 0.05). (D) 60 minutes after administration, there was a main effect of naloxone treatment (¥, 7 =
6.72, P < 0.05) and an interaction between treatment and frequency (Fy_g3 = 3.65, P < 0.01). (E) At 180 minutes, there was no effect of naloxone (¥ 7 =0.76,P =
0.41) and no interaction between naloxone and frequency (Fg g3 = 1.24, P = 0.29). (F) At 300 minutes, there was an effect of naloxone treatment (F; 7 = 10.52,
P < 0.05) and an interaction between treatment and frequency (Fy 3 = 2.82, P < 0.01). (G) Percent baseline stimulations from the same data set. There was a
main effect of time point (Fy, 95 = 3.47, P < 0.05) and no main effect of naloxone treatment (F;, 7 = 0.57, P = 0.47); however, there was an interaction between
time point and naloxone treatment (Fy, o5 = 6.78, P < 0.001). Significant differences for frequency-rate curves (A-F) are denoted by filled symbols (gray: P <
0.05; black: P < 0.01) and by asterisks for the percent baseline stimulations (G; **P < 0.01). All values represent means + S.E.M., and error bars on frequency-
rate curves are omitted for clarity (n = 8).

attenuating effects of 3 mg/kg oxycodone. Indeed, two subjects
did show evidence of becoming tolerant to 3 mg/kg oxycodone
in our study. Another consideration is that subjects in the
morphine study by Altarifi and Negus (2011) were exposed to a
longer escalating dose regimen (28 days total with chronic
doses ranging between 3.2 and 18 mg/kg morphine). Future
studies to determine whether the attenuating effects of 3 mg/kg
oxycodone or higher can be tolerated with different dosing
schedules would be of interest. Overall, our results suggest that
(at least with short dosing regimens of oxycodone) behavioral
effects persist at higher doses.

Some of the most provocative findings of this study involve
the apparent withdrawal effects observed. After 15 days of
oxycodone twice a day, we were able to observe withdrawal
effects indicative of dependence. Naloxone (10 mg/kg) pro-
duced a profound attenuation (at up to five frequencies with
reductions up to 50% baseline stimulations) of ICSS that
persisted for approximately 3 hours after its administration
(Fig. 4). Importantly, 10 mg/kg naloxone tested in the same
group of rats after an extended drug washout period had little
to no effect relative to that during precipitated withdrawal
(Fig. 5). There were modest reductions in ICSS responding
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compared with vehicle at 30 and 60 minutes and slight
facilitation of ICSS at 300 minutes in the absence of a recent
oxycodone history (Fig. 5); however, these differences were
relatively negligible compared with attenuation produced by
the same dose of naloxone (10 mg/kg) given after repeated
oxycodone administration (Fig. 4). The precipitated with-
drawal effect observed (i.e., attenuation of ICSS) was in-
teresting, because somatic signs characteristic of opioid
withdrawal (e.g., wet dog shakes, diarrhea) were not observed,
suggesting that ICSS may be a more sensitive assay to assess
oxycodone withdrawal. The observation that ICSS-maintained
operant behavior may be more sensitive than conventional
observational measures to a drug’s abstinence is consistent with
other reports documenting the greater sensitivity of operant
behavior in this regard involving opiates, nicotine, cannabinoids,
and dissociative anesthetics (Beardsley et al., 1986; Beardsley
and Balster, 1987; Bespalov et al., 1999; Vann et al., 2006; Desai
et al,, 2013).

Especially interesting was the observation of what were
likely spontaneous withdrawal effects emerging between the
afternoon and the next morning’s oxycodone injections, which
involved approximately 16 hours of oxycodone abstinence. As
shown in Fig. 6, baseline ICSS began to shift to the right
(i.e., attenuate) after only 5 days of repeated (twice-daily)
treatment with oxycodone. As days of repeated oxycodone
administration progressed, baselines became increasingly
attenuated. Given the likelihood that the repeated dosing
regimen used was sufficient to produce dependence resulting
in spontaneous withdrawal effects, administering chronic
oxycodone while conducting ICSS testing could be a useful
assay to evaluate determinants for augmenting or attenuat-
ing the dependence effects of oxycodone. Accordingly, such
procedures may be of value for evaluating potential medica-
tions for treating oxycodone withdrawal.

Results of this study using rats may translate to the human
condition. Patients report withdrawal symptoms even after
short periods (roughly 2 weeks) of therapeutic oxycodone use
(Cobaugh et al., 2014). Although people may not always
experience the full spectrum of the physical signs of oxy-
codone withdrawal, they still may be inflicted with those
unpleasant enough to promote escalation of self-dosing, with
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the drug obtained either through legitimate or illegitimate
channels. ICSS has been proposed as a preclinical model that
can be used to model affective-like withdrawal symptoms,
because many drugs, including morphine (Schaefer and
Michael, 1986; Easterling et al., 2000; Liu and Schulteis,
2004; Altarifi and Negus, 2011; Holtz et al., 2015), nicotine
(Epping-Jordan et al., 1998; Cryan et al., 2003; Kenny and
Markou, 2005; Igari et al., 2014; Manbeck et al., 2014; Qi
et al., 2015), ethanol (Schulteis et al., 1995; Chester et al.,
2006; Rylkova et al., 2009; Boutros et al., 2014), and
cocaine (Markou and Koob, 1991; Stoker and Markou,
2011), produce decreases in ICSS after either spontaneous
or precipitated withdrawal. Furthermore, withdrawal from
nicotine and morphine has been associated with decreased
ventral tegmental area dopaminergic activity, which corre-
lates with ICSS deficits (Liu and Jin, 2004; Kaufling and
Aston-Jones, 2015). Accordingly, this procedure could be
used to evaluate potential therapeutics for treating opioid
withdrawal.

Overall, the results of this study indicate that oxycodone
facilitates ICSS in a dose- and time-dependent manner.
Subjects became tolerant to the rate-attenuating effects of
1 mg/kg oxycodone at high frequencies in a relatively short
time (5 days); however, the same subjects did not become
tolerant to the rate-attenuating effects produced by a
higher dose (3 mg/kg) over a longer period of time (10 days).
This suggests that certain effects of oxycodone may be
resistant to tolerance development. Naloxone (10 mg/kg)
produced signs of withdrawal in ICSS after repeated oxy-
codone dosing, while having limited effects of its own after
an extended abstinence period. Baseline ICSS responding
was attenuated after repeated oxycodone administration,
suggesting that it may be used as an assay to measure
spontaneous oxycodone withdrawal effects indicative of
dependence. On the basis of these results, ICSS can be used
to investigate both the abuse- and dependence-related
effects of oxycodone.
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