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Intravenous heroin self-administration in trained rats was accompanied by robust brain hyperthermia (⫹2.0–2.5°C); parallel
changes were found in the dorsal and ventral striatum, mediodorsal thalamus, and deep temporal muscle. Temperature
began to increase at variable latency after a signal of drug
availability, increased reliably (⬃0.4°C) before the first lever
press for heroin, increased further (⬃1.2°C) after the first heroin
injection, and rose more slowly after the second and third
injections to stabilize at an elevated plateau (39–40°C) for the
remainder of the session. Brain and body temperature declined
slowly when drug self-administration was terminated; naloxone
precipitated a much more rapid decrease to baseline levels.
Changes in temperature were similar across repeated daily
sessions, except for the increase associated with the first selfadministration of each session, which had progressively shorter
latency and greater acceleration. Despite consistent biphasic

fluctuations in movement activity associated with heroin selfadministrations (gradual increase preceding the lever press,
followed by an abrupt hypodynamia after drug infusion), mean
brain temperature was very stable at an elevated plateau. Only
mean muscle temperature showed evidence of biphasic fluctuations (⫾0.2°C) that were time locked to and correlated with
lever pressing and associated movements. Drug- and behaviorrelated changes in brain temperature thus appear to reflect
some form of neuronal activation, and, because temperature is
a factor capable of affecting numerous neural functions, it may
be an important variable in the control of behavior by drugs of
abuse.

Although it is generally assumed that brain temperature is a
strictly regulated homeostatic variable with a range of fluctuations
more restricted than those of body temperature (Satinoff, 1978;
Bullock et al., 2001), relatively large increases in brain temperature (1.0 –2.0°C) have been found in animals exposed to various
biologically significant stimuli or engaged in different behaviors.
Temperature in different brain structures increases during exploration of new environment, treadmill running and swimming
(Moser et al., 1993), feeding (Abrams and Hammel, 1964), and
handling by an experimenter (Delgado and Hanai, 1966). Brain
temperature also significantly differs between day and night, phasically rising during movement episodes (i.e., drinking, feeding,
and running) and falling during sleep (Abrams and Hammel,
1965); it shows significant correlation with EEG during transition
between sleep and wakefulness, as well as after environmental
stimulation (Delgado and Hanai, 1966). Because many variables
underlying neuronal excitability [i.e., membrane potential
(Thompson et al., 1985), transport via ion-selective channels
(Rosen, 2001), and amplitude and duration of single-unit spikes
(Thompson et al., 1985; Erickson et al., 1996)] are temperature
dependent, changes in brain temperature occurring under behavioral conditions may be an important factor in central regulation
of various neural functions, including adaptive behavior.

To explore to what extent brain temperature changes during
drug-taking behavior, temperature was monitored in several brain
structures and body during the development and maintenance of
intravenous heroin self-administration in rats. Three limbic structures implicated in goal-directed behavior, the dorsal striatum
(caudate putamen), ventral striatum [nucleus accumbens
(NAcc)], and mediodorsal thalamus (MDT), were chosen as brain
targets for recording. Deep temporal muscle, a head muscle that
has a blood supply similar to that of the brain, was chosen as a site
for assessing body temperature. Measurements were taken with
high temporal resolution throughout several daily sessions from
the first accidental drug-reinforced lever press in drug-naive animals to the stable, highly cyclical lever-pressing behavior in
trained animals.
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MATERIALS AND METHODS
Animals and surger y. Eight male L ong–Evans rats, weighing ⬃400 –500
gm and received from Charles River Laboratories (Greensboro, NC),
were used. Each rat was housed individually (12 hr light /dark cycle,
beginning at 7:00 A.M.) with access to food and water ad libitum. All
protocols were performed in compliance with the NIH Guide for the Care
and Use of Laborator y Animals (National Institutes of Health, Publication
865-23) and were approved by the Animal C are and Use Committee of
the National Institute on Drug Abuse –Intramural Research Program.
Each rat was anesthetized with a mixture of ketamine HCl (80 mg/kg,
i.m.) and xylazine (10 mg/kg, i.m.) and mounted in a stereotaxic apparatus.
Holes were drilled through the skull over three areas of interest: the right
dorsal striatum (1.4 mm anterior and 2.0 mm lateral of bregma), the left
NAcc shell (1.4 mm anterior and 0.9 mm lateral of bregma), and the right
MDT (2.8 mm posterior and 1.5 mm lateral of bregma). The dura matter
was carefully retracted, and each temperature probe was slowly lowered to
the area of interest. A fourth temperature probe was implanted in deep
temporal muscle (musculus temporalis), and the four probes were secured
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with dental cement to three stainless steel screws threaded into the skull.
During the same operation, each animal was implanted with an intravenous
jugular catheter with an exit that was fixed to the head assembly. Experimentation began after a 3 d recovery period and continued for the next
6 –10 daily sessions.
Temperature probes and recording instruments. Thermocouple probes
were prepared from insulated copper and constantin (a 60% copper, 40%
tin alloy) wires (TW-35P; diameter of ⬃125 m) obtained from Physitemp Instruments (C lifton, NJ). Thermocouple probes were made by
mechanically removing the insulation (⬃200 – 400 m) from the tip of
each wire, soldering the tips together, and reinsulating with polyester
microshrink tubing and epoxy. The wires were connected to copper and
constantin pins fixed in a plastic connector with epoxy. All probes were
tested at the same environmental temperature, and only those that
showed temperature deviations within 0.1°C were used for implantation.
During experiments, the probes were connected to the recording instrument (a 16-channel thermocouple data acquisition system Thermes-16;
Physitemp Instruments) via individual sockets, a common cord, and a
nine-channel electric swivel. All connecting materials for temperature
recordings were prepared from either copper or constantin to maintain
the temperature gradient established at the initial interface of the two
metals. The intravenous catheter was connected to a syringe pump via a
polyethylene catheter fed through a swivel commutator for the recording
leads.
During the session, temperatures were continuously recorded and
stored in computer memory at 2 sec bins together with event marks to
indicate the times of noted behavioral observations. Temperature in the
room was maintained automatically at 23°C, and temperature in the
experimental chamber (23–24°C) was also continuously recorded.
E xperimental protocol. All recordings took place during the day phase
of the animal’s cycle (10:00 A.M. to 6:00 P.M.) in an electrically shielded
Plexiglas chamber (35 ⫻ 35 ⫻ 40 cm) equipped with an operant lever (6
cm above the floor surface); a speaker and a small light source were
mounted above the lever. Each day, the rats were brought from their
housing facility, placed in the chamber, connected to the recording
instrument and syringe pump, and allowed to habituate to the experimental environment, during which the lever was covered with a transparent cover. During this period, rats were engaged in intense exploration of the cage (locomotion, grooming, and rearing) that was associated
with temperature increase. After these behavioral changes disappeared
and temperature stabilized (60 –90 min), each rat was exposed to a
compound sensory stimulus (18 sec tone plus 18 sec light), after which the
cover was removed and the lever became accessible. This compound
stimulus was presented when the rat was in quiet resting or sleep-like
conditions with no overt movements. Each voluntary lever press resulted
in heroin inf usion (100 g / kg delivered in a volume of 180 l over a 18
sec period), which was accompanied by the same compound light and
sound stimulus. Each heroin injection resulted from voluntary lever
presses; experimenter-initiated injections were never used. Drug selfadministration was continued for 5 hr, after which the lever was restricted
by the transparent cover again, and temperature recordings were continued for 1 additional hour. This basic protocol was maintained for at least
five daily sessions. In some animals, single lever presses within a session
were reinforced by heroin at double the usual dose (200 g / kg over a 36
sec period). Such double-dose self-administrations were made in well
trained rats (see criteria in Results), and they never occurred more than
once in a session. In some rats, we also tested the effect of naloxone (1
mg / kg), which was injected subcutaneously during the final session after
the standard 5 d protocol (on days 6, 7, or 8) session. These injections
were made ⬃3– 4 hr after the beginning of drug taking. Before the first
drug session, each rat was habituated to the testing environment for two
daily sessions (4 – 6 hr each), during which it was exposed to light and
sound stimulus.
Histolog y. After completion of the experiments, each rat was deeply
anesthetized and perf used with a 10% formalin solution. The brain was
removed and stored for subsequent histological processing. The location
of the recording sites was determined from 50 –100 m slices mounted on
glass slides and stained with cresyl violet.
Data anal ysis. Our analysis was based on determining the pattern of
temperature changes proceeding and after critical events of drug-taking
behavior. These events were as follows: (1) presentation of light–tone
compound stimulus that was used to signal the start of each session; (2)
the first lever press and heroin injection of each session; (3) each
subsequent self-administration of a session; (4) lever presses reinforced
by heroin at the double dose; (5) the last self-administration of a session;
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Figure 1. Coronal sections of the brain illustrating reconstructed locations of thermocouple tips in rats used in the present study. cc, Corpus
collosum; Cpu, caudate putamen; NAcc, nucleus accumbens; CA3, field
CA3 of Ammon’s horn; ZI, zona incerta; MD, mediodorsal thalamic
nucleus; CM, central medial thalamic nucleus; VPM, ventroposterior
thalamic nucleus, medial; VPL, ventroposterior thalamic nucleus, lateral.
Dotted lines show ventral border of NAcc (anteroposterior, ⫹1.20), dorsomedial thalamus, and thalamus (anteroposterior, ⫺2.80). Atlas of Paxinos and Watson (1986) was used to prepare drawings.
and (6) the administration of naloxone. Although changes in temperature
were calculated for each behavioral event during each session, most
analyses were made on trained rats, defined as rats that showed regular
and sustained lever pressing throughout f ull sessions (for details, see
Results). Significance of temperature differences was evaluated using an
ANOVA with repeated measures, followed by Scheffé tests at 1 min
intervals. The data were presented as changes in absolute temperature,
changes relative to the pre-event baseline (baseline is 0), rates of change,
and temperature differences between recording sites.

RESULTS
Data were analyzed from five of the eight rats. Three animals
were excluded from the final analysis because of problems with
either thermocouple connections or intravenous catheters. In
each of the five rats, histological examination confirmed that
thermocouple probes were localized within the intended target
(Fig. 1). The probes aimed at NAcc were located in medial areas
of the structure (shell), and probes aimed at MDT were located in
the upper part of mediodorsal thalamic complex (mediodorsal,
lateral habenular, and paraventricular thalamic nuclei), with one
electrode located in the border between MDT and hippocampus.
In each of these animals, temperature recordings with heroin
access were continued for at least five daily sessions; a total of 32
sessions were analyzed.

Heroin self-administration
After the first exploratory lever press reinforced by heroin on day
1, each of the five analyzed rats continued lever pressing during
this and all subsequent sessions (Fig. 2 A). Whereas the intervals
between self-administrations varied from 10 to 61 min (37.13 ⫾
24.59 min; mean ⫾ SD) on day 1, the mean inter-injection
intervals became progressively shorter on subsequent days (20 –24
min during the two final sessions) as lever pressing became more
regularly spaced. Drug-taking behavior was accompanied by cyclic fluctuations in movement activity with gradual increases in
locomotion, grooming, rearing, and circling before each lever
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gradually increased, peaking at 16 –20 min, and then dropped
again to low levels (⬍2%) from 36 to 60 min after the selfinjection. The first inter-injection interval was the longest and
most variable (range, 9 –73 min; mean, 31.38 ⫾ 3.51 min; SD,
17.17 min); all subsequent intervals were shorter and, on average,
very stable throughout the session (Fig. 2C). With each subsequent self-administration, the variability of inter-injection intervals gradually decreased (see almost twofold decrease in SD),
suggesting progressively tighter regulation. Trained rats did not
immediately press the lever after presentation of the drug-related
cue; the latency to the first-in-session lever press varied from 3 to
33 min (mean of 15.28 ⫾ 2.05 min), with no significant differences
across sessions.

Tonic temperature changes during heroin
self-administration session

Figure 2. A, Mean ⫾ SD inter-injection interval as a function of session
number. B, Probability of responding as a function of inter-injection
interval (n ⫽ 199 from 24 sessions). C, Mean ⫾ SD latency to the next
lever press as a function of self-administration number. L⫹S indicates
time interval between presentation of light–tone cue and the first heroin
self-administration of a session.

press and abrupt transient cessation of activity (freezing) after
each heroin infusion. Although evident in each session, the
strength and duration of freezing became progressively weaker
during repeated sessions, whereas hyperactivity progressively increased with the eventual appearance of stereotypic head movements and chewing.
Animals were designated as “trained’ based on regularity of
lever pressing and stability of inter-injection intervals over the 5
hr of a session. Three animals were considered trained on day 2
and two more animals on day 3. In these trained rats, the distribution of inter-injection intervals (n ⫽ 199 from 24 sessions) was
slightly skewed (Fig. 2 B). After each lever press, the probability
of the next lever press was close to zero for the first 4 min, then

In trained animals, heroin self-administration was accompanied
by a robust temperature increase in all recording sites (Fig. 3).
Temperatures increased slightly but significantly after presentation of the heroin-related cue (⬃0.3– 0.5°C) and before the first
lever press. Temperatures increased more strongly (1.6 –1.8°C)
after the first heroin self-administration of a session. They continued to increase, although at progressively decreasing rates,
after the second and the third self-administrations, before stabilizing at high (2.2–2.5°C above baseline) but relatively stable
plateaus. Although similar fluctuations were evident in records
from each site, basal temperatures in the NAcc were significantly
higher (⬃0.4°C) (Fig. 3A) than those in other brain sites and in
the muscle. Temperatures in the dorsal striatum and MDT were
similar to those in the muscle. Temperature increased significantly more in all brain sites than in the muscle after presentation
of the heroin-related cue; relative changes in the brain sites were
quite similar to one another (Fig. 3 B, C). The brain–muscle
temperature differential was maximal (⬃0.25°C) immediately before the first self-administration; this differential gradually decreased during the remainder of the session.
The pattern of tonic temperature increase was typical of each
animal and each session, despite between-animal differences in
the rate of heroin self-administration and in the absolute values
of temperature plateaus (Fig. 3, right panel ). This pattern was
quickly developed during the initial sessions, although changes in
temperature and inter-injection intervals were more variable in
initial sessions (Fig. 3, 9 –1). Because tonic changes in brain
temperature occurring during heroin self-administration session
were more tightly correlated with each other than with changes in
muscle temperature, further analysis was performed for two
recording sites: NAcc and temporal muscle.

Phasic temperature changes associated with
individual behavioral events
In drug-naive rats, the compound light–tone stimulus, which was
subsequently to be associated with each heroin selfadministration, caused no obvious behavioral changes but a shortterm increase in temperature that was consistently greater in the
NAcc than in the muscle (Fig. 4, top row). NAcc and muscle
temperatures also gradually increased again when the rats initiated searching behavior that eventually resulted in the first ever
lever press. This increase was greater (⬃0.5°C) and longer lasting,
it peaked (⬃38.2°C for NAcc) at the moment of the lever press,
and it was stronger in the brain than in the muscle.
In trained animals, presentation of the same light plus tone
stimulus (now a heroin-related cue) also failed to result in con-
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Figure 3. Mean changes in temperature (left) and sample records from individual animals (right) as a function of
time during heroin self-administration
session in trained rats. A, Absolute temperatures in different recording sites.
Filled symbols show values significantly
higher than those seen immediately before the light and sound stimulus. Asterisks indicate significance with respect to
the previous point (*p ⬍ 0.05; ***p ⬍
0.001). B, Temperature changes at different recording sites (with respect to
baseline values immediately before presentation of the light–sound stimulus;
baseline is 0) as a function of time
within session. Asterisk indicates that the
initial changes in temperature in all
brain sites was significantly ( p ⬍ 0.05)
greater than that in the muscle. C,
Brain–muscle temperature difference as
a function of time within session. Filled
symbols show significance with respect
to baseline, and asterisk indicates significant decrease in the parameter after the
first heroin self-injection. Original
records show changes in temperature at
each of the four recording sites, with
vertical lines indicating the times of each
lever press. L⫹S indicates presentation
of heroin cue. 1 indicates the first lever
press of a session. The number at the last
vertical line shows the number of the last
self-administration of a session. Double
numbers above the graphs depict the
number of rat and session, respectively.

sistent changes in behavior. All rats, however, with highly variable
latencies, initiated searching behavior (locomotion, grooming,
washing, etc.) that finally resulted in the first lever press of the
day. Although temperature increased significantly from the second minute after the cue stimulation and maintained at relatively
stable levels (⬃0.2°C) for the next 8 min (Fig. 4, bottom row), it
was impossible to accurately evaluate statistical significance of
this effect because, in 7 of 22 sessions, rats performed the first
lever press within this period. The postcue increase in NAcc
temperature was significant (F(14,164) ⫽ 5.09; p ⬍ 0.001; from 4 to
10 min), even when only 15 cases with no lever press within 10
min were analyzed. More consistent changes in temperature were
found when data were analyzed with respect to the first heroin
self-injection (right). In this case, NAcc temperature gradually
increased for the 10 min preceding the first lever press (F(9,259) ⫽
17.27; p ⬍ 0.0001; Scheffé F test). Although muscle temperature
also significantly increased before the first lever press, this change
was much weaker (F(9,259) ⫽ 3.58; p ⬍ 0.01). In trained rats, both
basal and peak temperatures immediately before the first lever
press were significantly lower than in drug-naive rats.
After the first self-administration of a session in trained rats,
temperature continued to increase by over 1°C, with similar
changes in NAcc and muscle (Fig. 5A). The increase was evident
during the period of hypoactivity after heroin injection (⬃0.5– 8
min) and continued as the rat became active preceding the second
lever press. The time course of temperature increase was dependent on the animal’s experience. On day 1 (drug-naive state), an
increase in NAcc temperature occurred with ⬃7 min latency;
latency became progressively shorter on subsequent days (Fig.
5B). Similar changes were typical of muscle temperature. Although mean magnitude of temperature increase for the first 10

min after the first heroin injection almost doubled over the 6 d
period (Fig. 5C), the absolute values of NAcc and muscle temperature by the moment of the second lever press were not
different in different sessions. Temperature changes associated
with the second self-administration of a session resembled those
of the first self-administration, but the postdrug increases were
more delayed and much smaller in magnitude. The pre-lever
press temperature increase completely disappeared, and the
postinjection increase was minimal after the third selfadministration. In both cases, temperature changes in the muscle
were stronger than in the NAcc.
In contrast to the initial three self-administrations of each
session, which were associated with temperature increases, brain
temperature remained very stable with no phasic fluctuations
within the cycle in association with each subsequent heroin selfadministration. Although NAcc temperature fluctuated considerably around individual self-administrations in different rats and
sessions (Fig. 6, right panel ), an ANOVA with repeated measures
revealed no reliable effect of time (F(19,2499) ⫽ 0.47; p ⫽ 0.55) on
temperature across rats and sessions [all self-injections except the
first three, the last one, and those with atypically short (⬍10 min)
or long (⬎30 min) inter-injection intervals were averaged for this
analysis]. A very weak but significant biphasic effect of time,
however, was found for changes in muscle temperature, which
slightly increased before the lever press, abruptly decreased at
2– 4 min after heroin infusion, and slowly increased again preceding the next self-administration. When the dose of heroin was
unexpectedly doubled, the next lever press was delayed significantly (28.23 ⫾ 3.08 vs 18.69 ⫾ 1.81 min for the single-dose
injection; p ⬍ 0.05; Student’s t test), but the changes in NAcc and
muscle temperature were surprisingly similar after the two types
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Figure 4. Changes in NAcc and muscle temperature after presentation of the compound
light–sound stimulus (left) and before the first
self-administration of a session (right) in drugnaive (top) and trained (bottom) rats. Arrows
indicate the moments of cue presentation and
the first lever press (SA), respectively. Filled
symbols show significant changes relative to the
last precue or the last prepress value. In the
drug-naive state, numbers of cases for light–
tone stimulus and the first lever press were 10
(2 presentations in each rat) and five, respectively. In the drug-trained state, 22 cases were
averaged for each event. Because in seven cases
lever presses occurred within 10 min after the
light–tone cue, mean values from the fourth
minute were obtained with progressively
smaller numbers of cases per group (from 21 at
4 min to 15 at 10 min).

of injection. In the double-dose condition, the only difference was
a slight exaggeration of the postinjection decrease in muscle
temperature.
In three rats (four later sessions), we tested the effect of
naloxone (1 mg/kg, s.c.) injected to heroin self-administering rats
at the later part of the session when tonic temperature was locked
at the elevated plateau. Naloxone induced an abrupt (20 min) and
strong return of brain and muscle temperature to baseline levels
(Fig. 7). Naloxone affected body temperature before it affected
brain temperature (latency to significant decrease was 3 vs 5 min).
In all cases, no heroin self-injections occurred for at least 1 hr
after naloxone administration. Temperature also decreased after
the last heroin self-administration when the operant lever was
closed (see original examples in Fig. 3). In this case, however, the
temperature was stable for some time after the last injection (Fig.
7, control ) and return to baseline occurred at ⬃90 –120 min. The
return to baseline after naloxone was at least four times faster
than that occurring after the last drug self-administration.

DISCUSSION
In light of the traditional belief that brain temperature is
defended within narrow limits, robust brain hyperthermia associated with heroin self-administration may seem surprising.
Mean NAcc temperature during the maintenance phase of
drug-taking behavior in trained rats was ⬃2.5°C above the
resting baseline, with increases often exceeding 3°C (to 40 –
40.5°C) in individual animals. Such extreme hyperthermia
looks also surprising from a pharmacological standpoint because the dose of heroin in our experiments (0.1 mg / kg) was
much lower than the traditional low doses of opiate drugs
causing hyperthermia (for review, see Adler and Geller, 1993).

The magnitude of brain and muscle hyperthermia observed
after the first-in-session heroin self-injection, for example, was
comparable or even higher with that observed in the body of
intact animals passively administered with this or similar drugs
(i.e., morphine) at doses 10- to 40-fold higher. This underscores the fact that the f unctional state of an animal, as well as
the specific combination of dose, route, and context of drug
administration, are important determinants of an organism’s
response to opiate drugs. This may be especially true with
respect to brain temperature, which shows relatively strong
increases (1–2°C) after a variety of mild arousing stimuli, such
as the testing environment, tail-pinch, and interaction with
another animal of the same or opposite sex (Brown et al., 2001;
K iyatkin and Wise, 2001).

Pharmacological and other influences as a cause of
brain hyperthermia during heroin self-administration
The effects of heroin on temperature were dependent on the
amount of previous drug experience and the level of preinjection
temperature. Whereas the first heroin injection of a session was
associated with rapid and profound temperature increase, smaller
increases were seen after the next one or two injections, and no
additional increase was seen after subsequent injections. Thus,
there appears to be an upper limit of heroin-induced hyperthermia. After reaching this limit after the first three heroin injections, the temperature was tightly “maintained” at these increased
levels by subsequent repeated drug self-administration, and it
remained stable even when dose was unexpectedly doubled. This
stability of brain temperature was unexpected in light of profound
biphasic fluctuations in movement activity, arterial blood pressure
(Kiyatkin and Stein, 1993), and impulse activity of ventral teg-
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Figure 5. Changes in NAcc and muscle temperature associated with the
first heroin self-administrations of a session. A shows mean ⫾ SEM
temperature changes before and after the first self-administrations in
trained animals (23 sessions). Each value from the second to the last
minute is significantly higher than the last preinjection value, with no
significant differences between NAcc and muscle (NAcc, F(19,479) ⫽ 91.89;
muscle, F(19,479) ⫽ 58.26; effect of time is highly significant in each case,
p ⬍ 0.0001; Scheffé F test). B shows temperature changes associated with
the first-in-session heroin self-administration on days 1, 2, 3, 4, 5, and 6.
The last values correspond to the moment immediately before the second
lever press (2 SA). SEs are shown only for days 1 and 6. The times of
initial self-administration are indicated by vertical arrows; basal values are
shown as horizontal dotted lines. C shows mean changes in NAcc and
muscle temperature at 10 min after the first-in-session heroin selfadministration in consecutive sessions. Asterisks show significant increases
relative to day 1 (*p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍ 0.001; Student’s t test).

mental area (VTA) neurons (Kiyatkin and Rebec, 2001) associated with individual heroin self-administrations. It seems likely,
therefore, that self-injected heroin intake is sufficient to maintain
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systemic opiate levels at or above their maximum effective concentration with respect to thermoregulatory challenge.
Although the pharmacological actions of heroin appear to be
the major causes of brain hyperthermia occurring in our experiments, changes in neural activity associated with arousal and
behavioral activation make significant contributions to this phenomenon in the initial phase of drug-taking behavior. In trained
animals, brain temperature reliably increased after presentation
of the light–tone cue before the first drug self-administration; this
increase was always time locked to the prepressing behavioral
activation but was not invariably time locked to the cue itself.
Both the postcue and the subsequent pre-lever press increases in
temperature were more pronounced in all brain sites than in the
muscle, suggesting some form of neural activation as their primary mechanism. Surprisingly, the heroin-related cue did not
come to elicit immediate drug seeking within the few days of
training in the present study, and it never came to induce larger
temperature increases than were seen on the first day, when the
animals were in the drug-naive state.
Despite the fact that they did not increase in magnitude, the
elevations in brain temperature seen in trained rats before the
first-in-session lever press may reflect “anticipatory” brain activation resulting from the conditioned association of the cue and
lever availability with previous heroin injections. The increase in
brain temperature after the compound light–tone stimulus was,
on the first day, attributable only to stimulus novelty; it had no
conditioned significance for the animal at that time. However,
brain temperature response to such stimuli habituates in 4 –5 d if
they are simply repeated without other associations (Brown et al.,
2001). The fact that the strength of the effect did not decrease on
subsequent days suggests that the temperature change was a
correlate of something akin to Pavlov’s “investigatory reflex,” a
response common to novel stimuli, unconditioned stimuli, and
conditioned stimuli. Such a response to a novel stimulus would
not be sustained if the stimulus were not given signal significance
by association with reinforcer (Pavlov, 1927). Recent discussions
of the growth of incentive motivation (Robinson and Berridge,
2001) and reward anticipation (Schultz, 1997; Schultz and Dickinson, 2000) might lead one to expect much stronger effects on the
arousal response and the related temperature increases as the cue
became associated with heroin infusions. It remains possible that
the cue in the present study would have acquired stronger associative strength with additional pairings. A light–tone stimulus
paired with self-administered cocaine has been shown capable of
reinstating lever pressing in animals that have had their habit
extinguished (Meil and See, 1996; Grimm et al., 2001). However,
light and tone stimuli are minimally effective in reinstating responding when compared with priming injections of the drug
itself (de Wit and Stewart, 1981, 1983). Thus, it is possible that
lights and tones are not stimuli that rats are particularly responsive to. In any case, our data show, consistent with Pavlov’s (1927)
teachings, that the initial response to the cue merely failed to
undergo normal habituation, not that is increased with training.

Mechanisms underlying brain hyperthermia during
heroin self-administration
Although the central actions of heroin would seem to be a major
factor in the robust brain hyperthermia found in our experiments,
the mechanisms underlying this hyperthermia are not clear. It is
known that hyperthermia induced by morphine at low doses is
accompanied by an increase in whole-body oxygen consumption
and heat production (Lynch et al., 1987, 1990), parameters that
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Figure 6. Mean ⫾ SEM (left) and individual (right) changes in temperature
associated with consecutive single- (left,
top) and double-dose (left, bottom) heroin self-administrations (SA) during the
maintenance phase of drug-taking behavior. Filled symbols indicate values
significantly lower or higher than the
last preinjection value. Original records
show changes in temperature in each of
the four recording sites, and vertical
lines indicate the moments of lever
presses and their numbers. Double numbers above the graphs indicate the number of rat and session. The first mean
graph represents an average of 123 heroin self-injections (5 rats, 23 sessions),
and the second mean graph represents
averages of 23 double-dose selfinjections, which were compared with
23 control single-dose injections either
before or after this event.

point to metabolic activation. It is important that increases in
these two parameters precede the rise of body temperature,
suggesting that the metabolic activation is at least partly central in
origin. Brain surface temperature also increased after intraventricular injections of a selective -agonist (Handler et al., 1992);
this increase was relatively strong and long term, and it was also
preceded by a short-term increase in oxygen consumption. Although evidence exists that morphine at high doses decreases
cerebral blood flow in anesthetized animals (Edvinsson et al.,
1993; Zamani et al., 2000) and although decreased blood flow
could contribute to increases in brain temperature by restricting
heat conduction back to the lungs in which the blood is cooled by
air exchange, blood flow is not changed or is increased in unanesthetized animals or humans after morphine and heroin at more
modest doses (Fuller and Stein, 1991; Schlaepfer et al., 1998).
Thus, although generalizations from animals receiving passive
injections of opiates (often at high doses and when animals are
anesthetized) to animals self-administering them may be misleading, on the basis of present knowledge it appears likely that
changes in neural metabolism, more than changes in blood flow or
peripheral metabolism, are responsible for the brain hyperthermia seen in the present study.
The contributions of central and peripheral mechanisms underlying body hyperthermia, however, are less clear. Whereas
more rapid and stronger increases in brain temperature seen in
trained rats before the first heroin self-injection indicate a primary brain activation as a force behind slower and weaker body
hyperhermia, changes in brain and muscle temperature during
drug-taking behavior were highly correlated, and the decrease in
brain temperature after naloxone injection was even slower than
that in the muscle. Although this observation could argue against
a central origin, it is also possible that the slower decrease in brain
temperature reflects the influence of a phasic temperature eleva-

tion that is consistently associated with the procedure of subcutaneous injection (Kiyatkin and Wise, 2001).
The neural mechanisms of opiate-induced metabolic activation
are also not immediately clear, because opiates tend to inhibit the
activity of most central neurons (Yuan et al., 1992; North, 1993).
Most neuronal studies of the effects of opiates, however, were
done in vitro and in anesthetized animals, and it is unclear what
changes in the broad spectrum of neuronal activity occur during
opiate self-administration, which is accompanied by powerful
biphasic changes in general movement activity. After systemic
administration of 6 mg/kg morphine, for example, presumed
dopamine VTA neurons are slightly activated and nondopamine
neurons are strongly inhibited (Kiyatkin, 1988). Phasic up–down
fluctuations in the activity of both types of neurons are, however,
consistently seen in trained rats self-administering heroin at a
much smaller dose (0.1 mg/kg; Kiyatkin and Rebec, 2001). The
relationships between metabolic neural activation and neuronal
electric activity, moreover, may be more complex than a simple
correlation. Obviously, a good deal of additional work is needed
to explore the wide range of possibilities.

Changes in temperature as a factor affecting
neural functions
Because most basic processes underlying neuronal excitability are
temperature dependent, the 2–3°C increase in brain temperature
occurring during heroin self-administration is sufficient to alter
numerous neural functions. With a 3°C increase in temperature,
for example, [ 3H]dopamine uptake assessed in embryonic mesencephalic cells doubles (Xie et al., 2000), and the amplitude of
focal EPSP recorded from CA1 hippocampal cells decreases
twofold (Masino and Dunwiddie, 1999). A temperature change as
low as 1°C is sufficient to alter significantly the duration and rate
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