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Abstract
Rationale Diphenhydramine (DPH) is an over-the-counter
medication used in the treatment of allergic symptoms.
While DPH abuse is infrequent, recent preclinical evidence
suggests that DPH and cocaine combinations may have
enhanced reinforcing properties.
Objective The aims were to assess the reinforcing
effectiveness of cocaine and DPH alone or in combination
under a second-order schedule of reinforcement and to
examine the neurochemical basis of this interaction using in
vivo microdialysis in awake rhesus monkeys.
Materials and methods Cocaine (0.03–0.3 mg/kg per
injection), DPH (0.3–3.0 mg/kg per injection), or a
combination was available under a second-order schedule
of intravenous drug reinforcement (n=3). In microdialysis

studies, noncontingent cocaine (0.1–1.0 mg/kg, iv), DPH
(1.7 and 3.0 mg/kg, iv), or a combination was administered
and changes in extracellular dopamine levels in the caudate
nucleus were examined (n=3–5).
Results Cocaine and DPH dose-dependently maintained
operant responding. Dose combinations of 1.0 or
1.7 mg/kg per injection DPH and 0.03 mg/kg per
injection cocaine maintained greater rates of operant
responding than 0.03 mg/kg per injection cocaine alone
in the second component of the behavioral session. In
microdialysis studies, cocaine dose-dependently increased
extracellular dopamine levels, but no dose of DPH tested
significantly increased dopamine levels above baseline.
Moreover, combining DPH with cocaine did not enhance
cocaine-induced dopamine increases.
Conclusions The results support previous evidence of
enhanced reinforcement with cocaine and DPH combina-
tions and extend this finding to operant behavior main-
tained under a second-order schedule. However, the
reinforcing effects of DPH alone or in combination with
cocaine do not appear to be mediated via changes in
dopamine overflow.
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Introduction

Histamine H1 receptor antagonists (antihistamines) are
available as over-the-counter medications used primarily
in the treatment of allergy symptoms. Preclinical behavioral
studies have suggested that antihistamines have abuse
liability because they function as positive reinforcers in
intravenous (iv) drug self-administration models (Bergman
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and Spealman 1986; Beardsley and Balster 1992; Wang and
Woolverton 2007, 2009). Also, antihistamines in nonhuman
primates and rodents demonstrate behavioral-stimulant prop-
erties similar to the abused drug cocaine (McKearney 1982;
Bergman and Spealman 1986, 1988; Bergman 1990; Jun et al.
2004). Furthermore, like cocaine, the antihistamine diphen-
hydramine (DPH) has been shown to increase extracellular
dopamine levels in similar brain areas (Tanda et al. 2008).
DPH does show activity at the dopamine transporter, although
DPH is about tenfold less effective than cocaine (Tanda et al.
2008). These preclinical studies are supported by clinical
studies demonstrating that DPH functions as a positive
reinforcer (Preston et al. 1992; Mumford et al. 1996) and
DPH abuse has been documented in the medical literature (for
review, see Thomas et al. 2009). While antihistamine abuse
does not appear to be problematic, there does appear to be the
potential for abuse based on the preclinical and clinical studies
cited above.

Recently, Wang and Woolverton (2007) reported that the
combination of DPH and cocaine in rhesus monkeys had
greater reinforcing strength than was predicted based on
additivity alone. These authors recently followed up on their
preliminary findings by investigating another antihistamine
pyrilamine and a broader range of dose combinations and
found similar results (Wang and Woolverton 2009). Further-
more, when tested in combination, antihistamines have been
shown to enhance the discriminative stimulus effects of
cocaine (Campbell et al. 2005). However, no previous work
has examined the neurochemical effects of cocaine and
antihistamine combinations.

The aim of the present study was to examine the
behavioral and neurochemical effects of cocaine, the
antihistamine DPH, and their combination in rhesus
monkeys. Self-administration experiments using a second-
order schedule of reinforcement were conducted to examine
the reinforcing effectiveness of cocaine and DPH alone and
in combination. There are several advantages in using this
behavioral schedule to study drug combinations. First,
operant behavior can be rapidly and reliably shaped under
this schedule and fully trained subjects exhibit highly
consistent operant behavior. Second, the second-order
schedule of reinforcement has been extensively used to
study behavioral interactions between cocaine and acute
pretreatments of candidate monoaminergic transporter
inhibitors for treating cocaine dependence (Lindsey et al.
2004; Howell et al. 2007). Third, rates of operant responding
under a second-order schedule are maintained by both
primary (e.g., cocaine injection) and secondary reinforcers
(e.g., drug-associated stimuli). This temporally spaces the
delivery of the primary reinforcer and thus limits drug
accumulation and possible recruitment of other confounding
behaviors. We hypothesized that rates of operant responding
would be greater when the combination of cocaine and DPH

was available compared to when only one of the drugs was
available under the second-order schedule. To investigate the
role of dopamine in the cocaine and DPH interactions, in
vivo microdialysis studies were conducted. We hypothesized
that administration of cocaine and DPH together would
produce an enhanced increase in extracellular dopamine
compared to either cocaine or DPH alone. These neuro-
chemical results would implicate an important role of
dopamine in the drug interactions observed on behavioral
measures related to abuse liability.

Materials and methods

Subjects Adult male (n=1; RLk4) and female (n=7) rhesus
monkeys (Macaca mulatta) served as subjects. All subjects
in these experiments had a history of exposure to
psychoactive compounds. Each subject was individually
housed and fed Purina monkey chow (Ralston Purina, St.
Louis, MO, USA), supplemented with fresh fruit and
vegetables. Water was continuously available in the home
cage and food restriction protocols were not used. Food
intake was monitored daily throughout the study by
recording the number of chow delivered during each
afternoon feeding and the number of chow remaining in
the home cage each morning. Animal care procedures
strictly followed the National Institutes of Health Guide for
the Care and Use of laboratory Animals and were approved
by the Institutional Animal Care and Use Committee of
Emory University.

Vascular surgery Each subject was implanted with a
chronic indwelling venous catheter into a major vein
(femoral or jugular) under sterile surgical conditions as
previously described (Wilcox et al. 2002). Briefly, anesthe-
sia was induced with Telazol (tiletamine and zolazepam)
and maintained with isoflurane (1.0–2.0%). One end of a
silicone catheter (Access Technologies, Skokie, IL, USA)
was inserted into a major vein (femoral or jugular) to the
level of the vena cava. The distal end of the catheter was
routed subcutaneously between the scapulae and attached to
a vascular access port (Access Technologies). Catheters
were flushed with heparinized saline (100 U/mL) at the end
of each operant session to maintain patency.

Drugs Cocaine HCl (National Institute on Drug Abuse,
Bethesda, MD, USA) and diphenhydramine HCl (Sigma,
St. Louis, MO, USA) were dissolved in 0.9% sterile saline.
All doses are expressed as the salt form.

Self-administration apparatus and procedure Three rhesus
monkeys (one male and two females) with previous
experience of intravenous drug self-administration under a
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second-order schedule of reinforcement served as subjects.
The apparatus and schedule of reinforcement were as
previously described (Wilcox et al. 2005) except that the
limited hold was 240 s. Briefly, the second-order schedule
was an [FI 10(FR 20:S)] where the first fixed ratio (FR)
completed after 10 min (fixed interval, FI 10) resulted in
presentation of the primary reinforcer (i.e., cocaine injec-
tion) and the illumination of a white stimulus light (CS) for
15 s. FR 20 components completed during the FI 10-min
component resulted in the illumination of the CS for 2 s.
There were five [FI 10(FR 20:S)] components during the
operant session. Cocaine (0.03–0.3 mg/kg per injection)
and DPH (0.3–3.0 mg/kg per injection) dose–effect curves
were determined in each subject prior to testing the cocaine/
DPH combinations. Drug doses were manipulated by
changing the concentration in the syringe while maintaining
a 1-mL injection volume. For the cocaine/DPH combina-
tion studies, concentrations of cocaine and DPH were
combined in the same syringe to allow simultaneous
administration of both drug doses available. Each dose of
cocaine, DPH, or combination was available for at least
4 days and stability was determined by the mean operant
response rate of the last three sessions with no more than
20% variability from the mean. Behavioral sessions were
conducted 5 to 6 days per week.

In vivo microdialysis procedure A separate group of five
female rhesus monkeys served as subjects and underwent
aseptic stereotaxic surgery for implantation of bilateral
microdialysis CMA/11 guide cannulae (CMA, North
Chelmsford, MA, USA) targeting the head of the caudate
nucleus in the same coronal plane as the nucleus accumbens
as previously described (Czoty et al. 2000, 2002; Wilcox et
al. 2005). Bilateral microdialysis experiments were con-
ducted no more frequently than every 2 weeks in each
subject. Experiments were conducted in awake monkeys
seated in a commercially available primate chair (Primate
Products, Woodside, CA, USA) and started with a 1-hour
equilibration period after insertion of the custom micro-
dialysis probes (CMA/Microdialysis). The probes were
composed of a 20-mm stainless steel shaft and a 4-mm-
long membrane for a total length of 24 mm. The
polyarylethersulfone membrane had an outer diameter of
0.5 mm and cutoff was 20 kDa. After the equilibration
period, baseline samples were collected every 10 min for an
hour. Following baseline collection, samples were continu-
ally collected every 10 for 90 min after injection of the test
solutions listed below. Finally, a potassium-enriched
(100 mM) solution ionically matched to cerebrospinal fluid
was retrodialyzed for 10 min and an additional sample was
collected to ensure the viability of the sampling site. Cocaine
(0.1–1.0 mg/kg, iv), DPH (1.7 and 3.0 mg/kg, iv), and
cocaine/DPH dose combinations (0.1 mg/kg cocaine/1.7 mg/

kg DPH; 0.3 mg/kg cocaine/1.7 mg/kg DPH; and 0.3 mg/kg
cocaine/3.0 mg/kg DPH, iv) were counterbalanced across
subjects. As in the self-administration studies, concentrations
of cocaine and DPH were combined in a single syringe for
administration. For each bilateral experiment, the data from
each hemisphere for that subject were averaged and
statistically analyzed. However, if only one hemisphere was
experimentally determined to be viable via postsession
potassium-enriched cerebrospinal fluid challenge, only the
data from that single hemisphere were utilized in the
analysis.

Data analysis For the behavioral studies, the primary
dependent variable examined was the rate of operant
responding in each component (responses per second).
Individual data for the cocaine and DPH dose combinations
were transformed to percent control of operant responding
maintained by cocaine alone (0.03 or 0.1 mg/kg per
injection) for each set of dose combinations during each
component. Transformed data were then analyzed using a
two-way repeated-measures analysis of variance (ANOVA)
with both dose combination and component of the
behavioral session as main factors. In the presence of a
significant interaction, a Fisher least significant difference
post hoc test was conducted to determine which cocaine
and DPH dose combinations were significantly different
from cocaine alone. For microdialysis studies, dopamine
levels were determined as nanomolar concentrations in
dialysate unadjusted for probe recovery. Percent increase in
extracellular dopamine in the caudate nucleus relative to
baseline was calculated as (extracellular dopamine level
after delivery of the drug/average of the six baseline
samples)×100 for each drug dose and combination. The
peak effect was determined for each drug dose or dose
combination tested and a one-way repeated-measures ANOVA
was performed with experimental condition (drug or drug
combinations) as themain factor. Thus, a separate ANOVAwas
performed for cocaine alone, DPH alone, and cocaine/DPH
combinations. In the presence of a significant main effect, a
Bonferroni multiple-comparison post hoc test was conducted to
determine which treatments were significantly different from
baseline levels. Significance was set at the p<0.05 level of
confidence.

Results

Reinforcing effectiveness of cocaine and DPH alone or in
combinations Cocaine maintained rates of operant responding
under a second-order schedule of reinforcement with the peak
dose of 0.1 mg/kg per injection in two monkeys (RLk4 and
RVt4) and 0.3 mg/kg per injection in one monkey (RSo3;
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Fig. 1). DPH also maintained rates of operant responding
with the peak dose of 1.0 mg/kg per injection in two
monkeys (RLk4 and RVt4) and 1.7 mg/kg per injection in
one monkey (RSo3; Fig. 2). Higher doses of DPH were not
tested in RSo3 due to adverse effects (agitation, motor
incoordination) at the end of the behavioral session of
3.0 mg/kg per injection DPH availability. For DPH dose
combinations with 0.03 mg/kg per injection cocaine, there
was a significant interaction between dose combination and
component of the behavioral session (F16, 32=3.49, p<0.01).
Post hoc analysis revealed that, in the second component, the
dose combination of 0.03 mg/kg per injection cocaine and
1.0 mg/kg per injection DPH maintained significantly (p<
0.05) greater rates of operant responding compared to
0.03 mg/kg per injection cocaine alone or saline (Fig. 3).
Also, in the second behavioral component, the dose

combination of 1.7 mg/kg per injection DPH and 0.03 mg/kg
per injection cocaine maintained significantly (p<0.05) greater
rates of operant responding compared to 0.03 mg/kg per
injection cocaine alone. Finally, post hoc analysis demon-
strated that the dose combination of 0.3 mg/kg per
injection DPH and 0.03 mg/kg per injection cocaine
maintained significantly (p<0.05) higher rates of operant
responding compared to saline during behavioral compo-
nents 3–5. For DPH dose combinations with 0.1 mg/kg per
injection cocaine, there was no significant interaction
between dose combinations and component of the behavioral
session (F16, 32=0.29, p>0.05; Fig. 4). However, visual
examination of the data (Fig. 4) demonstrates that, in two of
the three monkeys, at least one DPH dose combination with

Fig. 1 a–c Cocaine-maintained (0.03–0.3 mg/kg per injection)
operant responding under a second-order schedule of reinforcement
in rhesus monkeys (n=3). Data are represented as mean of the last
three behavioral sessions during which the variance was less than
20%. Abscissa represents the component of the behavioral session and
ordinate represents the rate of operant responding (responses per
second)

Fig. 2 a–c Diphenhydramine-maintained (DPH; 0.3–3.0 mg/kg per
injection) operant responding under a second-order schedule of
reinforcement in rhesus monkeys (n=3). Data are represented as
mean of the last three behavioral sessions during which the variance
was less than 20%. Abscissa represents the component of the
behavioral session and ordinate represents the rate of operant
responding (responses per second)
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Fig. 3 Effects of different doses of diphenhydramine (DPH; 0.3–
1.7 mg/kg per injection) in combination with cocaine (0.03 mg/kg per
injection) on operant responding under a second-order schedule of
reinforcement in rhesus monkeys (n=3). a, b, and c show individual
mean data for the last three behavioral sessions during which the
variance was less than 20%. d is shown as mean±SEM normalized as
percent control of cocaine-maintained operant responding for each
component of the behavioral sessions. Asterisk indicates significantly
different from saline and cocaine alone within that component. #
indicates significantly different from cocaine only, + indicates
significantly different from saline only

Fig. 4 Effects of different doses of diphenhydramine (DPH; 0.3–
1.7 mg/kg per injection) in combination with cocaine (0.1 mg/kg per
injection) on operant responding under a second-order schedule of
reinforcement in rhesus monkeys (n=3). a, b, and c show individual
mean data for the last three behavioral sessions during which the
variance was less than 20%. d is shown as mean±SEM normalized as
percent control of cocaine-maintained operant responding for each
component of the behavioral sessions
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0.1 mg/kg per injection cocaine maintained higher rates of
operant responding than 0.1 mg/kg per injection cocaine
alone.

Effects of cocaine and DPH alone or in combinations on
extracellular dopamine levels Noncontingent cocaine dose-
dependently increased peak extracellular levels of dopamine in
the caudate nucleus (F4, 16=21.9, p<0.01; Fig. 5). Post hoc

analysis revealed that 0.3- and 1.0-mg/kg doses of cocaine
significantly (p<0.01) increased extracellular dopamine levels
above baseline. In contrast, no dose of DPH significantly
increased dopamine levels. There was also a significant main
effect (F4, 17=5.78, p<0.05) of cocaine and DPH combina-
tions on peak extracellular dopamine levels. Post hoc analysis
revealed that only the combination of 0.3 mg/kg cocaine and
1.7 mg/kg DPH significantly (p<0.01) increased dopamine
levels above baseline.

Discussion

In the present study, there was a significant increase in rates
of operant responding maintained by several dose combi-
nations of the 0.03 mg/kg per injection cocaine and DPH
compared to cocaine alone, especially during the second
component of the behavioral session. Under a second-order
schedule of reinforcement, the research subject is not
presented with the primary reinforcer (i.e., dose of drug
solution available) until completion of the ratio require-
ment at the end of the first component of the behavioral
session. Therefore, operant responding during the second
component of the test session could be analyzed to
determine the reinforcing effectiveness of dose combinations
before the potential of multiple self-administered doses and
recruitment of other confounding behaviors. The finding in
this study that several doses of DPH in combination with
both cocaine doses tested maintained higher rates of
operant responding is in agreement with previous studies
showing that combinations of DPH and cocaine maintain
higher breakpoints under a progressive-ratio schedule of
reinforcement (Wang and Woolverton 2007, 2009).

The present study also examined the capacity of DPH
alone or in combination with cocaine to increase extracel-
lular levels of dopamine in the caudate nucleus using in
vivo microdialysis. Previous in vivo microdialysis studies
demonstrated that like cocaine DPH dose-dependently
increased extracellular dopamine levels in the rodent
nucleus accumbens shell (Tanda et al. 2007, 2008). Neither
dose of DPH examined significantly increased dopamine
levels above baseline. In nonhuman primates, the functional
and anatomical distinctions between ventral (nucleus
accumbens) and dorsolateral (caudate nucleus) striatum
are less pronounced and can be thought of as broader brain
regions than discrete brain regions as in rodents (Haber and
McFarland 1999; Haber et al. 2000). Moreover, while the
present study did not sample from the nucleus accumbens
directly during the microdialysis experiments, inferences
between the capacity of DPH to increase extracellular
dopamine levels in the caudate nucleus and DPH-
maintained operant responding under a second-order

Fig. 5 Effects of cocaine (0.1–1.0 mg/kg; a) and diphenhydramine
(DPH; 1.7–3.0 mg/kg; b) alone or in combination on extracellular
dopamine levels in the caudate nucleus of rhesus monkeys (n=3–5).
Data in a and b are expressed as percent baseline dopamine levels and
plotted as mean±SEM. Average (±SEM) dopamine levels were
estimated at 6.84±0.5 ng/mL. Data in c are represented as peak
dopamine effect for each treatment condition. The three cocaine and
DPH dose combinations tested were (from left to right): 0.1 mg/kg
cocaine and 1.7 mg/kg DPH, 0.3 mg/kg cocaine and 1.7 mg/kg DPH,
and 0.3 mg/kg cocaine and 3.0 mg/kg DPH. Asterisk indicates
significantly different from percent baseline levels averaged during
the first 60 min of the experiment before drug challenge
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schedule of reinforcement are appropriate based on the
neuroanatomical literature cited above and previous studies
from our laboratory demonstrating measurable effects of
cocaine on extracellular dopamine levels during both
noncontingent and contingent administration (Czoty et al.
2000, 2002; Kimmel et al. 2005). In conclusion, reasons for
the disparate results between Tanda et al. (2008) and the
present study with respect to the effects of DPH alone are
not apparent, but we cannot rule out differences due to
species or neuroanatomy.

Furthermore, microdialysis studies examining dose com-
binations of DPH and cocaine did not show an enhanced
dopamine response in the caudate nucleus compared to
cocaine alone. In fact, the dose combination of 3.0 mg/kg
dose of DPH and 0.3 mg/kg cocaine was not significantly
different from baseline, indicating that this dose combina-
tion was less effective than 0.3 mg/kg cocaine alone in
increasing extracellular dopamine levels. One potential
mechanism mediating this effect is DPH antagonism of
muscarinic acetylcholine receptors. Antihistamines, such
as DPH, have been shown to produce anticholinergic
effects in vivo (Niemegeers et al. 1982). Smolders et al.
(1997) reported that administration of a muscarinic M1
antagonist decreased dopamine overflow in the rodent
striatum. Thus, at high doses of DPH, anticholinergic
effects might be recruited resulting in an attenuation of the
increased dopamine levels after cocaine administration.
Future studies using specific cholinergic antagonists will
be needed to test this hypothesized mechanism of action
for DPH.

In conclusion, the present study demonstrates that,
under a second-order schedule of reinforcement, certain
dose combinations of cocaine and DPH maintain higher
rates of operant responding compared to cocaine alone.
Furthermore, DPH, at the doses tested, does not
significantly increase extracellular levels of dopamine in
the caudate nucleus of nonhuman primates nor does the
combination of DPH with cocaine enhance the increases
in dopamine induced by cocaine alone. Overall, the
behavioral results support the notion that combinations
of the antihistamine DPH and cocaine have enhanced
reinforcing effect; however, the neurochemical data from
in vivo microdialysis studies suggest that the reinforcing
effects of DPH are not mediated by increasing extracel-
lular dopamine levels nor are the enhanced reinforcing
effects of cocaine DPH combinations mediated through
an enhancement of cocaine’s effects on dopamine
overflow.
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