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ARTICLE INFO ABSTRACT

Keywords: Caffeine is widely consumed for its psychoactive effects worldwide. No pre-clinical study has established reliable
Caffeine caffeine self-administration, but we found that caffeine can enhance the reinforcing effects of non-drug rewards.
Reinforcement The goal of the present studies was to determine if this effect of caffeine could result in reliable caffeine self-
Operant administration. In 2 experiments rats could make an operant response for caffeine delivered in conjunction with
Self-administration B s . . . . . .

Oral an oral ‘vehicle’ including saccharin (0.2% w/v) as a primary reinforcer. In Experiment 1, intravenous (IV)

ra . . . . . . . . . . .
Intravenous caffeine infusions were delivered in conjunction with oral saccharin for meeting the schedule of reinforcement.

In control conditions, oral saccharin alone or presentations of IV caffeine alone served as the reinforcer. In
Experiment 2, access to caffeine was provided in an oral vehicle containing water, decaffeinated instant coffee
(0.5% w/v), or decaffeinated coffee and saccharin (0.2%). The concentration of oral caffeine was then ma-
nipulated across testing sessions. Oral and IV caffeine robustly increased responding for saccharin in a manner
that was repeatable, reliable, and systematically related to unit IV dose. However, the relationship between oral
caffeine dose and operant behavior was less systematic; the rats appeared to titrate their caffeine intake by
reducing the consummatory response (drinking) rather than the appetitive response (lever pressing). These
studies establish reliable volitional caffeine self-administration in rats. The reinforcement enhancing effects of
caffeine may help to explain widespread caffeine use by humans, who ingest caffeine in complex vehicles with

reinforcing properties.

1. Introduction

Caffeine is a widely used psychoactive drug found in beverages,
foods, and over-the-counter medications. Caffeine is considered to be a
primary reinforcer, meaning that caffeine-containing products are
consumed for the psychoactive effects of caffeine and that these effects
strengthen the behaviors that lead to caffeine consumption (Griffiths
et al., 1989; Griffiths and Woodson, 1988a, 1988b). Caffeine is con-
sumed for its psychoactive effects in pills (e.g., Vivarin®) and beverages
such as coffee and energy drinks (Reissig et al., 2009). The reinforcing
effects of caffeine are commonly considered to depend on potentiation
of mid-brain dopamine systems that mediate reward detection and in-
centive motivation (Cauli and Morelli, 2005, 2002; Garrett and
Griffiths, 1997; Green and Schenk, 2002); these brain systems are also
implicated in the reinforcing effects of drugs of abuse such as nicotine
(Balfour et al., 2000), alcohol (Weiss et al., 1993), and cocaine (Goeders
and Smith, 1983; Kreek, 1996). More specifically, caffeine potentiates
postsynaptic dopamine D2R activity in the striatum via antagonism of
the adenosine A2AR found in the A2AR-D2 heteromer (Ferré et al.,
2016; Volkow et al., 2015). Similar to other abused drugs, caffeinated
beverages can induce a dependence syndrome; abstention from caffeine

in chronic users can induce anhedonia (malaise), headaches, and irrit-
ability (Griffiths et al., 1986).

Although caffeine satisfies many of the heuristics of abuse liability,
it fails on a particularly important feature - whether the drug is self-
administered by non-human species (Griffiths et al., 1981; Griffiths and
Woodson, 1988b). For example, prospective risk assessment of new
medications compare therapeutic doses of the drug to doses that
maintain self-administration, traditionally in rats, to determine abuse
potential (Gauvin et al., 2018) Despite the widespread acceptance that
caffeinated beverages are consumed for the psychoactive effects of
caffeine and that these effects increase caffeine self-administration in
humans (Griffiths et al., 1981), the evidence for non-human animal self-
administration of caffeine is equivocal (see Griffiths and Woodson,
1988Db for review). For example, intravenous caffeine self-injection has
been described as ‘erratic’ in non-human primates during a drug sub-
stitution procedure (Griffiths et al., 1979). Interpretation of these ef-
fects is often complicated by the fact that the operant response was
previously supported by another abused drug (Griffiths et al., 1979).
Similar effects have been observed in rodents with no evidence that
caffeine supports a well-defined response (Atkinson and Enslen, 1976),
but does produce a large individual variation in self-administration
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(Collins et al., 1983). In oral self-administration paradigms, caffeine
intake usually occurs at low concentrations that are unlikely to produce
a detectable subjective effect and intake of caffeine may be limited by
its potent bitter taste (Heppner et al., 1986).

Although there has been limited success in establishing caffeine as a
reliable primary reinforcer in non-human subjects, we have had sub-
stantial success showing that caffeine serves as a ‘reinforcement en-
hancer’ (Sheppard et al., 2012). Caffeine injections robustly increased
responding for a visual reinforcer (turning off the houselights for 30-s)
as well as a gustatory reinforcer (20% w/v sucrose solution). In those
studies, caffeine increased the number of sucrose reinforcers earned
under a progressive ratio (PR) reinforcement schedule. The PR schedule
measures motivation by increasing the response requirement after each
reinforcer is earned — every delivery of sucrose increased the amount of
effort required to earn the next sucrose reward. A quitting or ‘breaking’
point can be established using this schedule — breaking point is the
response requirement at which motivation to obtain the sucrose reward
was outweighed by the amount of effort required. We established that
caffeine increased the motivation to obtain sucrose and that this effect
of caffeine was dose-dependent, with moderate doses (12.5mg/kg)
increasing motivation the most and lower (6.25mg/kg) and higher
(25 mg/kg) doses increasing motivation the least. Interestingly, the
effect of caffeine tended to decline over daily repeated test sessions,
resulting in a downward shift in the dose-response curve, which is
consistent with previous studies showing tolerance to the psychomotor
stimulant effects of caffeine under a repeated daily dosing protocol (Lau
and Falk, 1994).

Caffeine is available in multiple forms (e.g., beverages and pills),
however, human consumption of caffeine for its psychoactive effect is
dominated by beverages — complex vehicles that often include sugars or
sweeteners (e.g., energy drinks) or to which fats, sugars, and sweeteners
are commonly added (e.g., coffee, Reissig et al., 2009). The beverage
vehicle may be especially important because the psychoactive effects of
oral caffeine are not discrete. Although distribution is relatively rapid
for an oral drug, peak serum concentrations are observed 20 min after
bolus dosing (Lau et al., 1995) and the lifespan of caffeine is long, with
peak serum concentrations maintained for at least 4 h following a single
PO dose (Lau et al., 1995). The pharmacokinetic profile of caffeine and
moderate motivational effects may make it more of a contextual sti-
mulus than a discrete reward. This could reduce the likelihood that the
pharmacological effects of the drug alone can be associated with tem-
porally discrete operant responses such as lever pressing or drinking
from a sipper tube. However, if caffeine were self-administered with a
more discrete stimulus or ‘bridge,” and intake of the drug did not sur-
mount the doses at which motivational effects are observed, then caf-
feine could be ‘self-administered’ even if somewhat adventitiously.

This rationale prompted us to hypothesize that preclinical models of
caffeine self-administration might be more consistent across subjects
and repeated tests if the following conditions were met — 1) operant
behavior is associated with a discrete non-drug reinforcer; 2) caffeine is
self-administered in quantities that are within the range of increased
motivational effects (Sheppard et al., 2012), 3) caffeine self-adminis-
tration is carried out in an intermittent test paradigm (e.g., tests occur
every 48h) and 4) the potent bitter taste of caffeine (Heppner et al.,
1986) is mitigated during the self-administration session. In the first
two experiments reported here (Experiment 1 and Experiment 2a)
caffeine was delivered by intravenous (IV) injection in conjunction with
an oral gustatory reinforcer (0.2% saccharin). In the final experiment
(Experiment 2b) oral caffeine was provided in solution with 0.2%
saccharin and a masking flavor (0.5% decaffeinated coffee). We pre-
dicted that response-contingent caffeine administration would
strengthen the motivation to obtain these reinforcing non-drug ve-
hicles, thereby resulting in reliable and repeatable increases in operant
behavior induced by caffeine (i.e., self-administration).
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2. Method
2.1. Subjects

Male rats were housed in a temperature and humidity controlled
colony room on a reverse 12:12 h light:dark cycle. Only male rats were
used because our preliminary findings were conducted in males, sex
differences will be investigated in the future. All manipulations were
conducted in the dark part of the cycle. The rats in Experiments 1 and 2
were naive rats weighing 275-300g on arrival from Charles River
(Portage, MI). Rats had free access to water and food was restricted to
approximately 15 g after one week of habituation. Rats were kept be-
tween 375-425 g body weight during data collection. All procedures
were approved by the Institutional Animal Care and Use Committee at
East Tennessee State University.

2.2. Apparatus

Experimental sessions were conducted in standard operant cham-
bers measuring 25 X 31 x 28 (w X 1 X h) cm and housed inside sound
attenuating cubicles (Med Associates, Georgia, VT). Each chamber was
equipped with two retractable levers, a sipper tube, stimulus lights, a
liquid dipper/receptacle, and a house-light. The retractable levers, li-
quid dipper/receptacle and stimulus lights were located on one mod-
ular wall of each operant chamber. The levers were located 14 cm
above the floor on the left and right panels of the modular wall. The
dipper and receptacles were located on the center panel of the same
wall approximately 2 cm above the floor. Each dipper was fitted with a
0.1 ml cup for liquid reinforcement and each receptacle was equipped
with an infrared emitter/detector to monitor head entries. Each
chamber was also equipped with a drug delivery system with a syringe
pump (Med-Associates, model PHM100 - 10 rpm). MED-PC IV (Med-
Associates, Georgia, VT) software was used to control all stimuli and
record responses.

2.3. Drugs and solutions

Saccharin (Sigma-Aldrich, St. Louis, MO) was dissolved in tap water
(0.2%, w/v) and delivered via liquid dipper cups (0.1 ml/reinforcer).
Caffeine anhydrous (Sigma-Aldrich, St. Louis, MO) was dissolved in
0.9% sterile saline and infused at a volume of 0.2 ml/kg/infusion for
intravenous self-administration (Experiment 1). For oral caffeine self-
administration (Experiment 2), caffeine was dissolved in tap water with
saccharin (0.2%, w/v) and decaffeinated instant coffee (0.5% w/v,
Kroger, Johnson City, TN). Instant coffee was used to mask the bitter
taste of the caffeine.

2.4. Surgery

Rats in Experiment 1 were anesthetized with isoflurane and im-
planted with an indwelling jugular vein catheter similar to the proce-
dures used previously (Liu et al., 2008). Subcutaneous ketoprofen in-
jections (3mg/ml) were used to alleviate pain for three days after
surgery. Catheters were flushed daily with sterile saline and Timentin
(3.6 mg, bioWorld, Dublin, OH). Operant testing began 7-10 days after
surgery to allow full recovery from the procedure.

2.5. Behavioral testing procedures

2.5.1. Shaping

All rats were shaped to associate the activation of the dipper with
saccharin solution. During shaping, the liquid dipper was programmed
to be ‘normally up’ (rats could access sucrose in the cup). At varying
intervals, the left lever was inserted into the chamber for 15 s and upon
retraction was immediately followed by lowering of the liquid dipper
(into the saccharin solution) and then raised into the up position after
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Table 1
Subjects and group assignments in each experiment.

Experiment Group Acquisition Dose n

1 (mg/kg/infusion)
0

0.125

0.5

=
o

SACC

CAFF

o
=
N
a
o UlUl N O N

2 (mg/ml)
WATER 0
2.5
SACC 0
2.5
SACC + DECAFF 0
2.5

NNNNOO

0.5s. Any responses recorded during the lever presentation resulted in
retraction of the lever and 2 activations of the liquid dipper, separated
by 5s. Shaping was operationally defined as earning 60 reinforcers
within a 1-hr session, all rats met this criterion within 4 sessions.

2.5.2. Experiment 1

Upon completion of the shaping procedure the rats were randomly
assigned to one of two groups separated by the delivery of an oral re-
inforcer: 0.2% saccharin (SACC) or nothing (CAFF). The SACC group
was then randomly assigned to one of five IV caffeine doses (0, 0.125,
0.5, 1, or 4 mg/kg/infusion). Rats in the CAFF group were also assigned
to one of the four caffeine dose conditions (CAFF, 0.125-4 mg/kg/in-
fusion). To conserve subjects, there were no rats assigned to respond for
nothing (0 mg/kg CAFF). The final number of subjects in each group
and dose is listed in Table 1. For rats in the SACC groups, meeting the
schedule of reinforcement on the active lever resulted in presentations
of 0.2% saccharin with the assigned dose of caffeine. For rats in the
CAFF groups, IV infusions of the assigned caffeine dose replaced sac-
charin (from shaping). At the start of each session both the active and
inactive levers were inserted into the chamber. During each session,
responses on the active lever were reinforced under a PR schedule of
reinforcement, the PR was identical to the schedule used in previous
studies (Palmatier et al., 2012) and was calculated with the following
formula: [5e% %1215 (Richardson and Roberts, 1996), in which r re-
presents the number of reinforcers earned plus one. After each re-
inforcer a 30-s time-out period was enforced; the house light was ex-
tinguished and lever presses were recorded but did not count toward
the next ratio requirement. Sessions were conducted 48 h apart to avoid
tolerance to the effects of caffeine. All sessions were capped at 60 min,
but breaking points operationally defined as 5, 10, or 20 min without
earning a reinforcer were calculated during the sessions. Catheter pa-
tency was tested at the end of data collection via IV infusions of pro-
pofol (0.2ml). Rats that failed the patency test (no loss of muscle tone
after the injection) were excluded from data analysis.

2.5.3. Experiment 2

Experiment 2 investigated whether oral caffeine self-administration
was possible in drug-naive rats. In this experiment we also investigated
whether a masking stimulus (coffee flavor provided by decaffeinated
coffee) was needed to establish oral caffeine self-administration. First,
rats were shaped to respond for 0.2% saccharin on a PR schedule of
reinforcement for three days. Upon completion of the shaping proce-
dure, rats were assigned to one of six groups (n = 6-7 per group) that
differed by two independent factors: vehicle solution (Water, Saccharin,
or Decaff + Saccharin) and drug (0 or 2.5 mg/ml caffeine). Pilot data
suggested that the oral route of administration delayed observation of
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the effects of caffeine on responding for saccharin. Therefore, instead of
capping sessions at 60 min, rats were allowed to respond until they
reached a 30-min limited hold (e.g., 30 min without earning a re-
inforcer). At that time, the session ended and the final ratio completed
was used as the ‘breaking point’. Following acquisition of stable re-
sponding at 2.5mg/ml caffeine, caffeine concentration was manipu-
lated using a within-subjects, Latin square design for the saccharin and
decaff + saccharin groups. The caffeine concentrations tested were 2.5,
3.5, 5, and 7.5mg/ml. Sessions continued at each concentration until
responding stabilized — an informal assessment of group- wise re-
sponding was used to determine stability (no linear trend across the last
3 days of testing). All other testing procedures were identical to
Experiment 1.

2.6. Data analyses

For Experiment 1 the Group and Dose factors were not orthogonal
because there was no group responding for no reinforcement (no sac-
charin and 0 mg/kg/infusion caffeine). Therefore, we used two strate-
gies for omnibus analyses of acquisition data. First, we investigated the
effects of IV caffeine infusions on responding for saccharin with a
mixed-factors ANOVA included Session (within), Lever (within) and
Dose (between) in the SACC groups only. Second, we investigated the
effects of oral reinforcement (saccharin or nothing) on responding for
IV caffeine infusions with a mixed-factors ANOVA including Session
(within), Lever (within) and Group (between), but the 0 mg/kg/infu-
sion SACC group was excluded. A similar strategy was used to analyze
reinforcers, but Lever was not included as a factor. For dose-response
analyses, each dependent variable (responses or reinforcers) was
averaged across the last two days of testing and the same strategy was
used. For Experiment 2 responses and reinforcers were analyzed with
mixed-factors ANOVA including Session (within), Lever (within),
Vehicle (between), and Drug (between) or Concentration (within), as
needed. Due to the heteroscedasticity of breakpoint data, reinforcers
were analyzed in place of breakpoints to avoid violating the assumption
of homogeneity of variance. Second-order contrasts were used to
compare groups on individual sessions or across individual doses/
concentrations.

3. Results
3.1. Experiment 1

3.1.1. Acquisition

Response-contingent delivery of intravenous caffeine dose-depen-
dently (0.5-1 mg/kg/infusion), and selectively, increased responding
on the active lever when delivered with oral saccharin (Fig. 1A-D). This
was confirmed with a mixed-factors ANOVA comparing lever presses
across caffeine doses in groups receiving the oral saccharin reinforcer.
The three way ANOVA revealed significant Lever x Session x Dose in-
teraction [F(16,136) = 3.3, p < .001]. The Lever x Dose [F
(4,136) = 4.54, p < 0.01] and Session x Dose [F(16,136) = 2.82,
p = 0.001] interactions were also significant. To further probe the in-
teractions, second order contrasts were conducted. To limit the number
of comparisons, only active lever responses were used in the contrasts.
Caffeine (0.5 mg/kg/infusion) significantly increased active lever re-
sponses for the Caffeine + Saccharin group, relative to the Saccharin
group and relative to the Caffeine group on Sessions 3-5 (ps<0.01).
The 1 mg/kg/infusions of caffeine also increased active lever responses
Caffeine + Saccharin vs. Saccharin and Caffeine + Saccharin vs. Caf-
feine), this increase was statistically reliable on Sessions 2-3
(ps=0.015), but not on Sessions 4-5 (ps=0.08). Active lever responses
were also higher in the Caffeine + Saccharin group receiving 0.125 mg/
kg/infusion, relative to the Caffeine group, on session 2-5 (ps < 0.05).
A similar effect (Caffeine + Saccharin vs. Caffeine) was found for rats
receiving 4 mg/kg caffeine, but only on session 2 (p < 0.05). In
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Fig. 1. Average (SEM) lever presses across testing sessions in Experiment 1.
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Filled symbols represent active lever responses, open symbols represent inactive lever responses. Each panel represents rats receiving different doses of caffeine,

except the Saccharin group (0 mg/kg) which is represented in all four panels for comparison. * indicates significant increase in responses for rats receiving

Saccharin + Caffeine, relative to Saccharin group, p < 0.05.

addition, caffeine dose-dependently increased the number of reinforcers
earned (Fig. 2A-D). The two-way ANOVA revealed a significant main
effect of Dose [F(4,34) = 4.7, p < 0.01] and a Dose x Session inter-
action [F(16,136) = 2.6, p < 0.01]. Follow-up simple effects contrasts
confirmed that 0.5 and 1mg/kg caffeine infusions significantly in-
creased the number of reinforcers earned on Sessions 3-5 (Caf-
feine + Saccharin vs. Saccharin; Caffeine + Saccharin vs. Caffeine,
ps < 0.05). The 0.125mg/kg infusions significantly increased the
number of reinforcers earned on Sessions 2-3 (ps < 0.04), but this trend
was not sustained during additional test sessions (Fig. 1A). The highest
caffeine dose did not increase or decrease the number of reinforcers
earned during testing (ps=0.29) (Fig. 1D).

Response-contingent oral saccharin presented with caffeine in-
creased responding on the active lever, relative to caffeine alone
(Fig. 1A-D). This was confirmed by four-way ANOVA comparing re-
sponding across Dose (0.125-4 mg/kg/infusion), Session (1-5), and
Lever (Active vs. Inactive) for each Group (saccharin vs. no oral re-
inforcer). There was a significant 4-way Session x Lever x Dose x Group
interaction [F(12,172) = 2.03, p = 0.024]. There were also significant
3-way Lever x Session x Group [F(4,172) = 6.05, p < 0.001] and
Lever x Session x Dose [F(12,172) = 2, p = 0.03] interactions. To ex-
plore the 4-way interaction, we conducted second-order contrasts on
active lever responses for the Group factor (saccharin vs. no oral re-
inforcer) within each level of Dose and Session. Saccharin system-
atically increased responding for rats receiving both reinforcers relative
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to caffeine infusions alone in the 0.5 (Sessions 2-5, ps < 0.01) and
1 mg/kg groups (Sessions 2-5, ps<0.03), but not in the 0.125 mg/kg
(ps=0.07) or 4 mg/kg (ps=0.13) groups. Saccharin also increased the
number of reinforcers earned when it was presented with moderate
caffeine doses (Fig. 1D-H). There was a significant 3-way Group x
Session x Dose interaction [F(12,172) = 16.5, p < 0.001] as well as
significant two-way interactions of Session x Group [F(4,172) = 7.3,
p < 0.001] and Dose x Group [F(3,43) = 3.83, p = 0.02]. The second
order contrasts showed that saccharin increased reinforcers earned on
all sessions for rats earning 0.125mg/kg infusions (ps<0.03). Sac-
charin increased reinforcers earned on Sessions 2-5 for rats earning
0.5mg/kg (ps < 0.001) and 1 mg/kg (ps<0.01) infusions of caffeine.
Saccharin only increased the number of reinforcers earned on Session 2
(p = 0.012) in the rats earning 4 mg/kg caffeine infusions.

3.1.2. Dose-response relationship

Dose-response curves were generated by averaging the last two days
of lever responses (Fig. 3A-B) or reinforcers earned (Fig. 3C) for each
subject. The 0.5 and 1 mg/kg/infusion caffeine doses significantly in-
creased responding on the active lever when self-administered with oral
saccharin, relative to oral saccharin alone (Fig. 3A). The two-way
ANOVA revealed a significant Lever x Dose interaction [F(4,34) = 5.5,
p < 0.01] and both main effects were significant (ps < 0.01). Con-
trasts confirmed that active lever responses were significantly higher in
the 0.5 and 1 mg/kg groups, relative to the 0 mg/kg group (ps < 0.04).
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Fig. 2. Average (SEM) reinforcers earned across testing sessions in Experiment 1.
Each panel represents rats receiving different doses of caffeine, except the Saccharin group (0 mg/kg) which is represented in all four panels for comparison. *
indicates significant increase in reinforcers earned for rats receiving Saccharin + Caffeine, relative to Saccharin group, p < 0.05.

To investigate putative psychomotor stimulant effects of caffeine, si-
milar contrasts were performed on inactive lever responses, but none
reached statistical significance (ps=0.2). Additionally, the 0.5 and
1 mg/kg caffeine doses significantly increased the number of reinforcers
earned, relative to saccharin alone (Fig. 3C). The univariate ANOVA on
reinforcers earned revealed a significant main effect of Dose [F
(4,39) = 5.2, p < 0.001], and contrasts confirmed that the 0.5 and
1 mg/kg/infusion caffeine doses resulted in more reinforcers earned
relative to saccharin alone (0 mg/kg/infusion, ps < 0.01).

Oral saccharin robustly increased active lever responding when it
was presented with IV caffeine, relative to IV caffeine alone. The in-
creased responding for caffeine was confirmed by a three-way ANOVA
with a significant Lever x Group x Dose interaction [F(3,43) = 3.4,
p = 0.03], as well as significant Lever x Group [F(1,43) = 27.3,
p < 0.001] and Dose x Group [F(3,43) = 2.96, p = 0.04] interactions.
Follow up contrasts were conducted to determine which caffeine doses
combined with saccharin altered responding at the active or inactive
lever. Saccharin presentation did not increase responding at the in-
active lever for any dose (ps=0.11), but increased responding at the
active lever for the 0.125, 0.5, and 1 mg/kg/infusion doses (ps=<0.03).
We also found preliminary evidence for a primary reinforcing effect of
IV caffeine (Fig. 3B). Contrasts of responding at the active and inactive
levers for the caffeine group (e.g., saccharin rats excluded) revealed
that rats receiving 1 and 4 mg/kg/infusion made significantly more
responses on the active lever, relative to the inactive lever (ps<0.007).
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Oral saccharin also robustly increased reinforcers earned when it was
presented in conjunction with IV caffeine (Fig. 3C). This was confirmed
by the two-way ANOVA with a significant Dose x Group interaction [F
(3,51) = 5.9, p = 0.002]. Contrasts confirmed that oral saccharin in-
creased reinforcers earned for rats the 0.5 and 1.0 mg/kg/infusion
doses (ps=0.02).

3.2. Experiment 2 — oral caffeine self-administration

Caffeine increased operant responding on the active lever but not
the inactive lever for rats receiving the vehicles containing saccharin
(Fig. 4A-C). Oral caffeine in the water vehicle did not support operant
responding relative to controls (Caffeine + Water vs. Water, Fig. 4A).
The coffee flavored masking stimulus (Decaff) was not necessary to
observe caffeine self-administration as there were no differences be-
tween the two groups receiving the saccharin-containing vehicles
(Caffeine + Saccharin vs. Caffeine + Decaff + Saccharin, Fig. 4B-C).
These findings were confirmed by repeated measures ANOVA with a
significant Vehicle x Drug x Lever interaction [F(2,170) =11.1,
p < 0.001]; there were no main effects or interactions involving Ses-
sion (ps=0.12). To further probe the 3-way interaction, we compared
the estimated marginal means for active lever responses and inactive
lever responses across Drug (0 vs. 2.5 mg/ml) within each of the oral
vehicle conditions (water, saccharin, or decaff + saccharin). Caffeine
did not increase responding on the active or inactive lever in groups
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crease in the dependent measure for the Caffeine + Saccharin group, relative to
the Saccharin alone group, p < 0.05. # indicates significantly more responses
on active lever, relative to inactive lever for Caffeine group, p < 0.05.

with the water vehicle (ps > 0.05,Caffeine + Water vs. Water, Fig. 4A);
thus, we did not find evidence for a primary reinforcing effect of oral
caffeine. For groups with the saccharin-containing vehicles (Caf-
feine + Saccharin vs. Saccharin & Caffeine + Decaff + Saccharin vs.
Decaff + Saccharin), caffeine increased responding on the active lever
(ps < 0.001), but not the inactive lever (ps=0.155) across acquisition
(Fig. 4B—C); confirming that increased responding is not the result of a
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generalized psychomotor stimulant effect.

A similar pattern was observed for reinforcers earned (Fig. 5A-C),
with the exception that the enhancing effect of caffeine on reinforcers
earned emerged across sessions (Fig. 5B). The 3-way ANOVA revealed
significant Session x Vehicle [F(10,170) = 1.97, p < 0.05] and Session
x Drug [F(5,170) = 2.45, p < 0.05] interactions, but the Vehicle x
Drug interaction was not significant (p = 0.13). This pattern most likely
reflects the fact that caffeine only marginally impacted the number of
reinforcers earned when it was presented in water (Fig. 5A). There were
significant simple main effects of Vehicle, Drug, and Session (Fs=7.0,
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ps < 0.001), and follow-up contrasts confirmed that the water vehicle
group earned fewer reinforcers than the saccharin and decaff + sac-
charin groups (Water vs. Saccharin and Water vs. Decaff + Saccharin,
ps < 0.05), which did not differ from each other (p > 0.05). Second
order contrasts probed the interaction by comparing the effect of caf-
feine on each session within each oral vehicle solution. Caffeine did not
alter reinforcers earned on any session for rats receiving the water ve-
hicle (Water vs. Caffeine + Water). However, caffeine did increase re-
inforcers earned across sessions for rats receiving saccharin on Sessions
2-6 (Caffeine + Saccharin vs. Saccharin, ps<0.021, Fig. 5B) and for
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rats receiving decaff + saccharin on Sessions 1-6 (Caf-
feine + Decaff + Saccharin vs. Decaff + Saccharin, ps<0.01, Fig. 5C).

3.3. Experiment 2 — oral caffeine dose-response tests

Oral caffeine increased responding on the active lever across all
concentrations tested when it was presented in saccharin, and for the
lowest two concentrations (2.5-3.5mg/ml) when presented in
decaff + saccharin vehicle (Fig. 6A). Oral caffeine did not increase re-
sponding at any dose when presented in water. This was confirmed by
repeated measures ANOVA with a significant Vehicle x Dose x Drug
interaction [F(6,102) = 2.49, p = 0.03]. The Dose x Drug and Vehicle x
Drug interactions were also significant (ps < 0.05). To probe the in-
teractions, second order contrasts compared Drug (Caffeine vs. Control)
at every level of Dose (each test session) within each Vehicle condition
(decaff + saccharin, saccharin, or water). For rats receiving the water
vehicle, caffeine did not increase active lever responses at any dose
tested (Caffeine + Water vs. Water, ps=0.55). For rats tested with
saccharin vehicle, caffeine increased active lever responses at every
dose tested (Caffeine + Saccharin vs. Saccharin, ps<0.008). For rats
receiving decaff + saccharin vehicle, caffeine increased active lever
responses only at the two lowest concentrations
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(Caffeine + Decaff + Saccharin vs. Decaff + Saccharin, ps=<0.002), but
not the higher concentrations (ps=0.08). A separate ANOVA on in-
active responses (data not shown) revealed that there were no main
effects of Drug, Dose, Vehicle, nor any interactions (ps < 0.05). For
reinforcers earned (Fig. 5B), the ANOVA revealed significant main ef-
fects of Drug [F(1,34) =16.76, p < 0.001] and Vehicle [F
(2,34) = 19.42,p < 0.001] and a Dose x Drug interaction [F
(3,102) = 3.1,p = 0.03]. Second order contrasts showed the same
pattern as active lever responses — caffeine increased reinforcers earned
at all concentrations in the saccharin vehicle (ps<0.014), at the two
lowest concentrations in the decaff + saccharin vehicle (ps=<0.005),
and had no effect on rats with the water vehicle (ps=0.27).

3.4. Caffeine intake via IV (experiment 1) and oral (experiment 2) routes of
administration

To explore the effects of caffeine intake via each route of adminis-
tration the dose or concentration was transformed to total session in-
take. For the IV study (Experiment 1) unit dose was multiplied by re-
inforcers earned. For the oral study (Experiment 2), caffeine intake was
computed in mg (R*(mg/ml*Volume)) and divided by average body-
weight (kg) across test sessions; the saccharin and decaff + saccharin
vehicle conditions were collapsed into a single “saccharin-containing
vehicle” group as reinforcers earned were similar throughout testing. As
illustrated in Fig. 7A, oral saccharin significantly increased IV caffeine
intake at the three highest unit doses (0.5, 1 and 4 mg/kg/infusion),
relative to controls that only received IV caffeine. This was confirmed
by a Group x Dose interaction [F(3,43) = 3.409, p = 0.03], with post-
hoc differences between groups at the 0.5, 1, and 4 mg/kg/infusion
doses (ps < 0.01). As illustrated in Fig. 7B, saccharin-containing ve-
hicles significantly increased caffeine intake at all concentrations
tested. This was confirmed with a Group X Dose interaction [F
(3,57) = 5.203, p = 0.003] and follow-up contrasts which showed
significant increases across all caffeine concentrations (ps < 0.05). One
potential pitfall of the oral dosing regimen is that the rats did not have
to consume all of the liquid in the dipper, they could regulate their
caffeine intake at the consummatory link of the operant chain. Al-
though this seems unlikely under the PR schedule of reinforcement, we
analyzed the duration of head entries into the liquid dipper receptacle
after earning each caffeine reinforcer to explore this possibility (data
not shown); a reduction in head entry duration across dose would
suggest lower intake. Surprisingly, there was a reduction in head-entry
time for rats consuming saccharin-containing vehicles, relative to water
(ps<0.002); however, head entry time did not vary systematically as a
function of concentration (p > 0.05).

4. Discussion

These experiments are the first to demonstrate reliable and re-
peatable self-administration of caffeine in rats. In Experiment 1, caf-
feine self-infusion increased motivation for oral saccharin under a PR
schedule, relative to control groups receiving only access to oral sac-
charin or intravenous caffeine, and the increase in motivation could not
be attributed to general increases in activity (i.e., no increase in re-
sponding at the inactive lever). The effect of caffeine was selective to
dose, moderate unit doses (0.5-1 mg/kg/infusion) increased operant
responding, but lower (0.125mg/kg/inf) and higher (4 mg/kg/infu-
sion) doses did not increase operant responding. Notably, intravenous
caffeine alone did increase operant responding at the 1 and 4 mg/kg/
infusion unit doses, relative to the inactive lever (Fig. 3B). To our
knowledge, these are the first experiments to show caffeine reinforce-
ment and the first to show that caffeine is self-administered by non-
humans. They are also the only experiments investigating caffeine re-
inforcement while taking into account the robust behavioral tolerance
to caffeine by separating operant testing sessions by 48 h (Lau and Falk,
1995, 1994). However, the observation of caffeine’s reinforcing effects
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occurred after only the ‘active’ lever was shaped with saccharin,
therefore we cannot state unequivocally that IV caffeine has a primary
reinforcing effect; future studies are needed to confirm this preliminary
finding. Experiment 2 extended the findings of Experiment 1 to an oral
caffeine solution and to multiple oral vehicles including either sac-
charin or saccharin with a masking stimulus (decaffeinated coffee).
Experiment 2 showed that the masking stimulus (coffee flavor) was not
necessary for observing oral caffeine self-administration — combinations
of caffeine with saccharin or caffeine with decaffeinated coffee and
saccharin resulted in similar rates of self-administration and both were
greater than rats responding for the vehicle alone. Finally, the re-
lationship between oral caffeine concentration and operant responding
was flatter and less systematic than the relationship between IV dose
and operant responding. These findings raise important questions about
the relationship between operant drug self-administration, reinforce-
ment, and the putative interactions of drugs and vehicles that may
promote self-administration in the absence of a primary reinforcing
drug effect.

The present findings show that, under optimal conditions, caffeine
can strengthen operant behaviors that lead to the delivery of caffeine.
However, we found limited evidence that caffeine was a primary re-
inforcer. Instead, we capitalized on the robust reinforcement enhancing
effects of caffeine (Sheppard et al., 2012) to establish self-administra-
tion. This finding has been mirrored in human studies showing the
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novel soft drinks containing caffeine (2 mg/ml) are initially less pre-
ferred than caffeine-free beverages but become more preferred after
repeated exposure (Temple et al., 2012). This prompts several im-
portant questions about how caffeine and other ‘reinforcement en-
hancers’ (Donny et al., 2003) increase operant behaviors both in pre-
clinical models and in human drug users. For example, what is the re-
lationship between primary reinforcement, reinforcement enhancing
effects, and increases in operant behavior when a drug is self-ad-
ministered in a complex, non-neutral vehicle? There are several drugs
that are commonly used and abused by humans in which self-admin-
istration is most prevalent in a salient non-drug vehicle. In addition to
caffeine, alcohol (Hargreaves et al., 2011, 2009), nicotine (Caggiula
et al,, 2009) and delta-9-tetrahydracannabinol (THC; Tanda et al.,
2000) are all self-administered by humans in salient non-drug vehicles.
Notably, all four of these drugs are difficult to establish as primary
reinforcers in non-human animals (Li et al., 1993; Palmatier et al.,
2006; Tanda et al., 2000). We have found that nicotine self-adminis-
tration is increased by inclusion of a reinforcing visual stimulus
(Palmatier et al., 2008, 2006). The alcohol self-administration literature
is replete with examples of oral ethanol strengthening operant behavior
when the alcohol is included in a sweetened solution (Samson et al.,
1988) or a beverage vehicle more traditionally self-administered by
humans (e.g., beer; Hargreaves et al., 2011). THC lowers the optimal
stimulation threshold of intracranial self-stimulation (ICSS; Gardner
et al., 1988), facilitates lordosis and sexual receptivity in ovar-
iectomized female rats (Gordon et al., 1978) and hamsters (Turley and
Floody, 1981), and has well-documented hyperphagic effects (Jarbe
and DiPatrizio, 2005; Williams et al., 1998) which have often been
associated with more palatable foods (Foltin et al., 1986; Higgs et al.,
2003; Koch and Matthews, 2001). Presumably, any interaction between
the ‘reinforcement enhancing’ effects of these drugs and primary or
conditional reinforcing effects of the vehicle would be expected to in-
crease, rather than reduce, self-administration. Further research will be
required to determine whether including other non-drug reinforcers in
conjunction with each of these drugs is systematically related to their
self-administration in humans and non-human animals.

The present studies with caffeine demonstrate that the primary re-
inforcing effects of the drug are limited and are not needed to establish
self-administration. The drug effect appears to strengthen operant be-
havior merely by increasing the motivation to obtain the sensory pri-
mary reinforcer (saccharin) suggesting that caffeine has a moderating
effect on reinforced operant behavior — strengthening the relationship
between the operant response and the vehicle. Based on the present
findings we have hypothesized that the habitual self-administration of
caffeine in humans depends on this ability to robustly enhance the
motivational value of the caffeine vehicle. However, caffeine alone did
have reinforcing effects in Experiment 1 (Fig. 3B), suggesting that pre-
clinical models may be able to detect these primary reinforcing effects
by replicating our approach (48 h between tests) and by increasing the
sensitivity of testing procedures (e.g., fading saccharin out, rather than
switching from oral saccharin to IV caffeine). Regardless, caffeine ro-
bustly enhanced responding for an oral reinforcer which is ecologically
valid as worldwide is consumption is dominated by beverages, espe-
cially coffee and energy drinks, which have spawned subcultures of
habitual users (Reissig et al., 2009). Several questions are prompted by
this hypothesis. For example, why does caffeine robustly increase be-
havior elicited by other reinforcers? There are converging answers to
this question involving the time-course of the drug effect and its limited
role in the mesotelencephalic systems that mediate approach and
seeking behaviors.

The pharmacokinetic profile of caffeine conflicts somewhat with the
traditional ‘primary reinforcement’ approach to self-administration,
which posits that an association between the operant behavior and the
pharmacological effect of the drug is critical to associative learning
(Wise, 1987; Wise and Koob, 2014). In this formulation the speed with
which the drug reaches the receptors in the central nervous system
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(CNS) is paramount to drug reinforcement and abuse liability
(Bouayad-Gervais et al., 2014). With orally self-administered caffeine,
absorption through digestive tissues creates a delay between the op-
erant response (drinking) and the pharmacological effect — making the
pharmacological effects more contextual and less discrete. The sensory
effects of the beverage, however, are closely related to the operant re-
sponse, meaning that the beverage may be what is reinforcing and that
the drug may be serving a moderating role. Although this explanation
may fit the epidemiology of caffeine consumption and the findings from
Experiment 2, it may not be the best explanation for why IV caffeine is
not self-administered alone in the present studies or in previous re-
search (Atkinson and Enslen, 1976). Assuming that IV caffeine rapidly
reaches the brain, it should be strongly associated with the operant
response. However, consider that elimination of caffeine is relatively
slow, with a half-life as long as 3-4 h in IV (Smith et al., 1999) and oral
(Bonati et al., 1984; Latini et al., 1980) routes of administration.
Elimination is slowed even further by food deprivation (Lau et al.,
1995; Smith et al., 1999). A temporally discrete drug effect, (i.e., rapid
onset and short lifespan) would be expected to have a stronger asso-
ciation with a temporally discrete operant response (pressing a lever).
For example, when access to a running wheel is used as a reinforcer for
pressing a lever, longer periods of access to the running wheel (pre-
sumably a stronger reinforcer) have the unexpected effect of reducing
operant response rates (Belke, 2013). In addition, relatively brief pre-
sentations of a reward-predictive CS (15-30s) are more disruptive to
ongoing operant behavior (e.g., stronger CR) whereas longer CS dura-
tions (1, 2, or 3min) have inconsistent, but less disruptive effects on
ongoing behavior (Miczek and Grossman, 1971). In aversive motiva-
tional tasks, avoidance responses are acquired more rapidly and more
consistently if a temporally discrete ‘safety signal’ accompanies the
avoidance behavior (Bolles and Grossen, 1970; Foree and LoLordo,
1970).

A purely pharmacokinetic interpretation of caffeine effects is in-
complete. There are many drugs of abuse with long lifespans that are
readily associated with discrete operant responses (e.g., morphine,
Goldberg et al., 1971; amphetamine, Yokel and Pickens, 1973) — so
reduced associability of the drug effect and the operant is not sufficient
to explain the lack of primary reinforcing effect. However, the unique
pharmacodynamic effects of caffeine in incentive systems may lend
themselves toward a moderating role on appetitive behaviors (Ferré
et al., 2016; Volkow et al., 2015). Most drugs of abuse with primary
reinforcing effects elicit increases in extracellular dopamine (DA) from
neurons in the ventral tegmental area (VTA) that terminate in the nu-
cleus accumbens (NAc, Ostlund et al., 2014; Schultz, 2016; Wise, 1980;
Yokel and Wise, 1975). However, adenosine A2a receptors form func-
tional heteroligomers with DA D2 receptors in the striatum (Ferré,
2016; Ferré et al., 2016). Caffeine administration evokes striatal DA
release that is less robust than other drugs of abuse (Acquas et al., 2002;
Okada et al., 1996; Solinas et al., 2002) and may not evoke phasic DA
responses (Volkow et al., 2015). However, caffeine may potentiate the
effects of endogenous dopamine binding to postsynaptic D2 receptors
by antagonizing the adenosine A2A receptors. This effect of caffeine
would be expected to increase the motivational properties of non-caf-
feine rewards, without necessitating a primary reinforcing role for
caffeine. This hypothesis is supported by recent findings from Walker
and Kuhn using fast-scan cyclic voltammetry to measure DA transients
in the NAc. In that experiment, caffeine alone did not evoke strong DA
transients but enhanced the DA transients evoked by cocaine (Walker
et al., 2015). In addition, several studies employing the reinstatement
model of relapse to drug self-administration have demonstrated that
caffeine can precipitate relapse-like behavior after abstinence from
cocaine (Schenk et al., 1996; Worley et al., 1994). In that paradigm,
caffeine may be enhancing the effect of cocaine-associated cues, in-
creasing their ability to evoke approach or ‘drug-seeking’ behaviors.
The converging evidence suggests that the critical motivational effects
of caffeine are in its ability to moderate the valence of salient non-drug
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stimuli in the environment. Preliminary data from our laboratory also
suggest that caffeine can increase sign tracking (approach to a lever
conditioned stimulus) and reduce goal tracking (approach to the loca-
tion where sucrose will be delivered) in a Pavlovian conditioned ap-
proach paradigm. Thus, the interaction between adenosine A2A re-
ceptors and DA D2 receptors may enhance the sensitivity of the
incentive system to incentive stimuli in a manner that strengthens ap-
petitive behaviors such as operant responding and conditioned ap-
proach.

These findings are the first to demonstrate that response-contingent
caffeine administration, either oral or IV, can reliably increase a well-
defined operant response in non-human subjects. Although there are
myriad follow-up and parametric investigations required (reversibility,
dose-response, saccharin-fading, etc.), the present studies provide a
proof-of-concept that caffeine is self-administered by non-human ani-
mals. A pre-clinical model of caffeine self-administration has important
public health implications, as both health risks (Kendler et al., 2006;
Strain et al., 1994) and benefits (Popat et al., 2011; Zeitlin et al., 2011)
are associated with lifetime caffeine use. Acute caffeine use can increase
binge-intoxication with alcoholic beverages (Marczinski et al., 2012;
O’Brien et al., 2008). Finally, energy drinks often include sucrose and
consuming caffeine and sucrose together may promote lipogenesis
(Rush et al., 2006). Increased consumption of sugars (Johnson et al.,
2009) or artificial sweeteners (Suez et al., 2014) by caffeine could ne-
gatively impact health, especially in individuals predisposed to weight-
related and cardiovascular disease (Johnson et al., 2009). A reliable
preclinical model of volitional caffeine self-administration will facilitate
the investigation of both positive and negative health-related effects of
caffeine. Finally, the effects of caffeine in this paradigm are related to
effects observed with other stimulants (e.g., nicotine) and may prove
instructive for analysis of abuse liability of other compounds. Self-ad-
ministered drugs are very unique stimuli with complex multimodal
effects acting over long periods of time that could be serving as con-
ditioned stimuli (Besheer et al., 2004) or discriminative stimuli (Bevins
et al.,, 2006; Murray et al., 2007), in addition to being primary re-
inforcers. The contextual nature of their effects should not be over-
looked.
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