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A number of drugs and psychological stressors induce brain hyperthermia and increase extracellular
dopamine in the caudate-putamen. The present study tested whether caudate-putamen hyperthermia
produced by such stimuli is dependent on dopaminergic transmission. Rats were infused with 6-
hydroxydopamine unilaterally into the medial forebrain bundle, and after a two-week recovery period,
removable thermocouples were used to monitor temperature in the depleted and intact caudate-putamen in
freely-moving animals. The indirect dopamine agonist d-amphetamine (1 and 2 mg/kg s.c.) increased
caudate-putamen temperature, whereas a low dose of the direct agonist apomorphine (0.1 mg/kg s.c.)
reduced it. Gamma-butyrolactone, which strongly inhibits dopamine release at the dose administered
(700 mg/kg i.p.), initially reduced and then increased caudate-putamen temperature. Brief (5-10 min)
presentation of mild stressors, including tail pinch, produced a rapid and transient caudate-putamen
hyperthermia. Quantitative 125I-RTI-55 autoradiography in post-mortem tissue revealed a 97-100% loss of
binding to dopamine transporters in the lesioned caudate-putamen. Despite this near-total dopamine
denervation, neither basal caudate-putamen temperature, nor any of the observed temperature responses to
drugs or mild stressors, was altered. We conclude that in the caudate-putamen, endogenous dopamine is
unlikely to modulate temperature significantly at a local level.
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1. Introduction

Brain temperature is affected by numerous behavioural (Blech-
Hermoni and Kiyatkin, 2004; Blumberg et al., 1987; Brown et al.,
2003; Grossman and Rechtshaffen, 1967; Kiyatkin et al., 2002;
Kiyatkin and Mitchum, 2003; Kiyatkin and Wise, 2001; Moser et al.,
1993; Sundgren-Andersson et al., 1998) and pharmacological
(Blech-Hermoni and Kiyatkin, 2004; Blumberg and Moltz, 1987;
Brown et al., 2003; Clausing et al., 1996; Colbourne et al., 1996;
Parada et al., 1995; Yanase et al., 1998) manipulations. Although
brain temperature often matches core temperature quite closely, it
is to some extent independently regulated (Blech-Hermoni and
Kiyatkin, 2004; Blumberg et al., 1987; Brown et al., 2003; Busto et al.,
1987; Duncan et al., 1995; Kiyatkin et al., 2002; Kiyatkin, 2005; Kiyatkin
and Mitchum, 2003; Kiyatkin and Wise, 2001; Miyazawa and
Hossmann, 1992; Smirnov and Kiyatkin, 2009; Tachibana, 1969; Yanase
et al., 1998; Zhu et al., 2009). Uncoupling of brain and core
temperature tends to occur when heat, produced mainly by
oxidative metabolism, is not matched by the cooling influence of
the circulation (Kiyatkin et al., 2002; Kiyatkin, 2005; Yablonskiy
et al., 2000; Zhu et al., 2009). Temperature gradients have been
reported not only between brain and blood, but also within the
brain itself (reviewed by Kiyatkin, 2005). Some of these gradients
are relatively static and reflect factors such as proximity to the
external environment. However, other gradients fluctuate in
response to drug and other stimuli (Brown et al., 2003; Brugge
et al., 1995; Kiyatkin et al., 2002; Kiyatkin and Mitchum, 2003;
McElligott and Melzack, 1967; Parmeggiani et al., 1998; Tachibana,
1969). Hence, brain temperature is likely to be controlled by local
factors as well as peripheral thermoregulatory mechanisms.

Drugs and psychological stressors that enhance dopaminergic
transmission tend to have widespread effects on temperature
mediated by sympathetic nervous system arousal. Nevertheless,
several observations indicate that dopaminergic tone may also
modulate brain temperature at a local tissue level. First, systemic
injection of cocaine and methamphetamine, at doses which increase
interstitial DA levels, typically produce temperature rises in DA-rich
areas (i.e. caudate-putamen (CP) and nucleus accumbens) exceeding
those occurring in other brain areas or in the deep temporal muscle
(Kiyatkin et al., 2002; Kiyatkin and Mitchum, 2003) (Blech-Hermoni
and Kiyatkin, 2004; Brown et al., 2003; Kiyatkin and Brown, 2004).
Second, several psychological stimuli that can increase dopaminergic
transmission (Horvitz, 2000), also increased temperature more
rapidly in the brain than in the deep temporal muscle (Kiyatkin
et al., 2002). Third, the accumbens-recorded hyperthermic effects of
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Fig. 1. Location of thermocouple tips in coronal brain sections. Drawings are modified
from the atlas of Paxinos and Watson (1998). Anteroposterior levels (mm anterior to
Bregma) are shown on the left. CPu, caudate-putamen; AcbC, nucleus accumbens core.
Filled inverted triangles represent rats tested with amphetamine and apomorphine;
filled and open circles represent GBL- and saline-tested rats, respectively.

Fig. 2. Effects of d-amphetamine and R(-)-apomorphine on temperature in intact and 6-
OHDA lesioned caudate-putamen (CP). Rats received a unilateral infusion of 6-OHDA in
the medial forebrain bundle and starting 16 days later, each animal was tested once
with amphetamine (1 and 2 mg/kg s.c.), and apomorphine (0.1 mg/kg s.c.), and twice
with saline (s.c.). Tests sessions were given in random order and were initiated 30-
40 min before injection. During the baseline period (i.e. the 25 min immediately pre-
injection), the CP temperature was 38.4±0.2 °C (mean±SEM, n=5 rats). The y axis
shows baseline-subtracted temperature (mean±SEM). Data from the two saline test
scores were pooled. Amphetamine and apomorphine produced CP hyperthermia and
hypothermia, respectively. No drug effect differed significantly between the intact and
6-OHDA lesioned CP.
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intravenous cocaine or psychological stimuli were reduced or blocked
by systemic administration of DA receptor antagonists (Kiyatkin,
2008; Kiyatkin and Brown, 2005).

Additional evidence for local dopaminergic control of tissue
temperature is that amphetamine increases striatal glucose metabo-
lism (Porrino et al., 1984), an effect which appears DA receptor-
dependent (Trugman and James, 1993). Furthermore, dopaminergic
fibers appear to innervate intraparenchymal blood vessels in rat and
monkey brain (Jones, 1982; Krimer et al., 1998), and pharmacological
evidence suggests possible vasodilatory and vasoconstrictive actions
mediated by D1/D5 and D3 receptors, respectively (Choi et al., 2006).
Such actions, if physiological, could potentially modulate blood flow
locally within the striatum, thus tending to alter temperature locally.

Taken together, these findings suggest that DA may produce local
brain warming, possibly by altering cerebral metabolism or blood
flow, or both. Such an action could have significant implications for
physiological functioning, given that cellular processes (e.g. metab-
olism, electrical activity, transmitter release and uptake kinetics) tend
to be highly temperature-sensitive (Kiyatkin, 2005; Kiyatkin and
Wise, 2001). In addition, DA-mediated tissue warming, were it to
occur, would potentially confound the measurement of transmitter
dynamics via intracerebral microdialysis or electrochemistry (Kiyat-
kin, 2005).

The present study therefore sought to determine whether
endogenous DA modulates CP temperature in freely-moving rats.
For this purpose, subjects first received an intracerebral infusion of 6-
hydroxydopamine (6-OHDA) that resulted in a severe unilateral
depletion of forebrain DA. Subsequently, temperature was monitored
in the depleted and intact CP in response to drugs or mild stressors.
Amphetamine and gamma-butyrolactone (GBL) were chosen as
pharmacological challenges since they greatly increase and decrease
DA outflow in the CP, respectively (Brown et al., 1991; Kuczenski and
Segal, 1989; Zetterstrom et al., 1986). The direct DA agonist
apomorphine was also tested, in a dose chosen to differentiate
denervated vs. intact CP (Schwarting and Huston, 1996).

2. Results

2.1. Histology

In the amphetamine/apomorphine experiment, five out of the
eight rats had bilateral thermocouple locations within the CP,
between anterior-posterior levels corresponding to interaural 10.2
and 10.9 (Fig. 1). Three out of the eight rats were excluded from
further analysis because in each case only one thermocouple site
could be identified. In the GBL and mild stressor experiments, 16 rats
received bilateral thermocouple implants. Three of these subjects
were excluded due to mislocated thermocouples, one died prema-
turely, and one was a statistical outlier. Hence, Fig. 1 shows the 11
remaining subjects; these all had bilateral thermocouple locations
within the dorsal CP, between anterior-posterior levels corresponding
to interaural 10.2 and 10.9 (Fig. 1).

2.2. Effects of amphetamine and apomorphine on caudate-putamen
temperature

Temperature in the CP declined during the baseline period (i.e. the
25 min immediately before injection), with a small transient rise
associated with the injection (Fig. 2). The baseline temperature did
not differ significantly between the lesioned and intact side (mean
difference 0.1±0.1 °C, t=1.20, df 4, PN0.2). Each rat received the two
saline sessions; data were statistically indistinguishable and were
pooled. Within one hour of saline injection, CP temperature declined
by approximately 1 °C and then remained stable (Fig. 2).

Both doses of amphetamine increased CP temperature (compared
to the saline condition). The lower dose produced a higher initial
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response, whereas the higher dose exerted a longer effect (Fig. 2). In
both cases, the peak effect was approximately 1.2 °C vs. saline.
Amphetamine-induced CP hyperthermia occurredmostly between 50
and 150 min after injection, and during this period the drug effect was
significant (AMPH main effect: F=8.65, df 2,8, Pb0.025), and
independent of lesion side (AMPH×LESION: F=0.6, df 2,8, PN0.5).
Both doses produced a 0.9 °C time-averaged increase compared to
saline. From 10-50 min after injection, neither the main effect of
AMPH nor the AMPH×LESION interaction were significant (Fb0.7, df
2,8, PN0.5 for each).

Apomorphine produced a rapid CP hypothermia (Fig. 2). The peak
effect (1.6 °C vs. saline control) occurred at 30 min post-injection.
Hypothermia lasted from 10-50 minutes post-injection, and during
this time, the effect was significant (F=44.73, df 1,4, Pb0.005), but
independent of lesion side (APO×LESION: F=0.04, df 1,4, PN0.8).

In the subsequent behavioural test, apomorphine induced robust
contraversive turning (i.e. away from the lesion side) in all five rats
with no ipsiversive turning (mean±SEM 4.6±1.1 turns/min at 20-
30 min post-injection). The 6-OHDA lesion virtually eliminated 125I-
RTI-55 labeling in the ipsilateral CP, reducing it by at least 99%
compared to the contralateral side in all 5 rats.
2.3. Effects of GBL on caudate-putamen temperature

After saline administration, CP temperature declined by 1.0 - 1.5 °C
with no detectable difference between lesion and intact sides (Fig. 3).
GBL initially reduced temperature and then increased it in all subjects
except one. The latter was considered to be an outlier and excluded
from analysis. Data were subjected to ANOVA with one between-
subject factor (GBL) and onewithin-subject factor (LESION). Two time
periods (5-20 min and 60-180 min) were then analyzed,
corresponding to the initial hypothermic and subsequent hyperther-
mic effect. These two time-averaged effects were statistically
significant and corresponded to an initial temperature drop of 0.7 °C
(F=13.6, df 1, 9, Pb0.01) followed by a gain of 1.3 °C (F=9.8, df 1, 9,
Pb0.02) compared to the saline-treated group. Neither effect differed
between lesioned and intact CP (GBL×LESION: Fb0.7, df 1, 9, PN0.2 in
each case). Rats treated with GBL became sedated within a few
Fig. 3. Effects of GBL on temperature in intact and 6-OHDA lesioned CP. Rats received a
unilateral infusion of 6-OHDA in the medial forebrain bundle and 15 days later, each rat
was tested once, either with GBL (700 mg/kg i.p.) or with saline. Thermocouples were
connected and temperature recordings were initiated immediately after injection; for
this reason, it was not possible to perform subtraction of pre-injection baseline
temperature values (as performed in Fig. 2). Values are groupmean±SEM (n=5-6 rats
per group). GBL initially reduced CP temperature relative to saline-treated animals, but
later increased it. Neither the initial hypothermia nor the subsequent hyperthermia was
affected by the 6-OHDA lesion.
minutes of injection and remained immobile for the remainder of the
3-hour session.

Dorsal CP 125I-RTI-55 labeling was reduced by 98.4±0.3% in the
saline-tested group and by 98.4±0.5% in the GBL-tested group
(mean±SEM, n=6 and 5 respectively) compared to the contralat-
eral side. The range of depletion was 97-99% across animals.

2.4. Effects of mild stressors on caudate-putamen temperature

Temperature in the CP increased for several minutes after the
thermocouples were connected and the six animals were placed in the
test apparatus (Fig. 4). The two tail pinch stimuli elicited a rapid and
transient temperature rise in the six animals tested (Fig. 4, upper
panel). For analysis, data were divided into six 5 min periods starting
10 min before each tail pinch. Temperature in the CP changed
significantly over these time blocks (TIME: F=11.7, df 5, 25,
Pb0.0001), and the effect did not differ significantly between the
two tail pinch trials (TIME×TRIAL: F=1.66, df 5, 25, PN0.2), nor
between lesioned and intact CP (LESION×TIME: F=0.50, df 5, 25,
PN0.5). Compared to the pre-stimulus 10 min baseline, temperature
was significantly elevated during both the first and second 5 min of
each tail pinch, by 0.4±0.1 and 0.6±0.1 °C, respectively (Bonferroni
t=4.90 and 5.72, df 5, Pb0.01 and Pb0.005). The maximal rise in
temperature was 0.9±0.1 °C (mean±SEM, n=6 rats). Animals
tended to orient towards the clip and try to remove it; three rats
also showed teeth chattering behaviour.

Grooming behaviour was reliably induced in all six rats by the two
applications of water (Fig. 4, lower panel). However, the latency to
groom was somewhat variable across subjects, and some animals
required more than one or two drops of water before they began to
Fig. 4. Effects of two mild stressors on temperature in intact and 6-OHDA lesioned CP.
Unilaterally lesioned rats were tested on separate occasions for their responses to tail
pinch (upper panel) and to drops of water that induced grooming (lower panel). The
order of testing was counterbalanced across rats. The stimuli were applied twice,
starting at 60 and 120 min, respectively. The tail pinch stimuli were each applied for
10 min, whereas the grooming stimuli were each applied for 5 min. Values are group
mean (n=6 rats); for clarity, the SEM bars are omitted. Both types of stressors induced
a rapid and transient hyperthermia which was not significantly altered by the 6-OHDA
lesion.
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groom. Bouts of grooming typically began with the face and extended
to the whole body, and tended to last 2-3 min. New bouts of grooming
were induced with one or two more drops of water, to maintain
virtually continuous grooming for about 5 min. Grooming data were
analyzed in 5 min blocks, as for tail pinch. ANOVA revealed no
difference between lesioned and intact sides (LESION×TIME:
F=2.41, df 5,25, PN0.1) nor between the two grooming tests
(TRIAL×TIME: F=0.95, df 5,25, PN0.4). Compared to the pre-
stimulus baseline, temperature was significantly increased during
the 5 min grooming period (by 0.3±0.1 °C; Bonferroni t=5.73, df 5,
Pb0.005), but not in the period immediately after it (Bonferroni
t=2.90, df 5, PN0.05). The maximal rise in temperature was 0.7±
0.1 °C (mean±SEM, n=6 rats). Dorsal CP 125I-RTI-55 labeling was
reduced by 97-99% on the lesioned side in these animals, which
comprise the saline-tested group reported in Section 2.3.

3. Discussion

3.1. Summary of novel findings

The present study provides several novel findings. First, we
describe a new method allowing repeated brain temperature
measurements in freely-moving rats. Second, effects of d-amphet-
amine, apomorphine, and GBL on CP temperature are reported. Third,
temperature fluctuations resulting from drug administration or mild
stressors were found to be unaffected by unilateral forebrain DA
depletion.

3.2. Effects of drugs and mild stressors on caudate-putamen temperature

The effects of dopaminergic drugs on peripheral (i.e. core or deep
temporal muscle) body temperature have been widely characterized
in rats (Blech-Hermoni and Kiyatkin, 2004; Brown et al., 2003;
Chipkin, 1988; Hjorth et al., 1985; Kiyatkin, 2005; Kiyatkin and
Brown, 2005; Scheel-Kruger and Hasselager, 1974; Ulus et al., 1975;
Yehuda and Wurtman, 1972). In contrast, much less is known about
the effects of these drugs on brain temperature.

Amphetamine, in sub-toxic doses, produces core hyperthermia in
rats tested at room temperature (Clark and Lipton, 1985; Yehuda and
Wurtman, 1972) and increases hypothalamic temperature, according
to a preliminary report (Parada et al., 1995). The chemical analog
methamphetamine induced a dose-dependent hyperthermia in
nucleus accumbens and hippocampus after systemic injection
(Brown et al., 2003). In the present study, amphetamine produced a
greater initial CP hyperthermia at the lower of the two doses tested;
this result was unexpected, especially given the counterbalanced,
repeated-measures design.

Apomorphine, in low doses, produces a reliable core hypothermia
after s.c. administration in rats (Clark and Lipton, 1985; Faunt and
Crocker, 1987; Hjorth et al., 1985). This effect is dependent on D2
receptors (Chipkin, 1988; Faunt and Crocker, 1987), and appears to
originate, at least in part, in the preoptic area of the anterior
hypothalamus leading to increased heat loss through the tail (Cox
et al., 1978). The brain hypothermia produced by apomorphine was
quite substantial, rapid in onset, and occurred despite concurrent
drug-induced rotational activity. The mechanisms underlying this
hypothermic effect are discussed elsewhere (Brown et al., 2007).

In the periphery, apomorphine hypothermia is monotonically
dose-dependent (Clark and Lipton, 1985; Faunt and Crocker, 1987;
Hjorth et al., 1985), raising the possibility that higher doses of
apomorphine, common in behavioural studies, cause profound brain
hypothermia which in turn could potentially affect behavioural
output. Although there is little evidence bearing directly on this
question, both behavioural despair (Taltavull et al., 2003) and 22 kHz
ultrasonic vocalizations (Blumberg and Moltz, 1987) have been
identified as being highly sensitive to brain temperature.
To our knowledge, the effects of GBL on brain temperature have
not been reported previously. The biphasic effect of GBL seen in the
present study (i.e. hypothermia followed by prolonged hyperthermia)
resembles the changes in rectal temperature observed after systemic
administration of a similar high dose (Borbely and Huston, 1972;
Snead, 1990). GBL produced hyperthermia despite heavy sedation and
immobility, suggesting that the hyperthermia may have been central
in origin.

The induction of prompt and mild striatal hyperthermia by tail
pinch and saline injections has been previously reported (Blech-
Hermoni and Kiyatkin, 2004; Brown et al., 2003; Kiyatkin et al., 2002;
Kiyatkin, 2008; Kiyatkin and Wise, 2001). The present observations
confirm these effects and show that experimenter-induced grooming
has a similar effect.

3.3. Dopaminergic regulation of caudate-putamen temperature

In the present study, d-amphetamine, apomorphine and tail pinch
produced temperature responses that grossly matched their expected
effects on extracellular DA in the intact CP. Thus, administration of d-
amphetamine and apomorphine at the doses used here results in a
prolonged rise and fall in dialysate DA, respectively (Imperato et al.,
1988; Kuczenski and Segal, 1989; Zetterstrom et al., 1986), whereas
tail pinch tends to produce a smaller, transient response (Mendlin
et al., 1999; Wheeler et al., 1995). In contrast, GBL affected CP
temperature in a biphasic manner, yet produces only a profound and
sustained reduction in dialysate DA (Brown et al., 1991; Zhang et al.,
1988).

Dopaminergic denervation resulting from 6-OHDA administration
was quantified by 125I-RTI-55 binding to the plasmalemmal DA
transporter. It has been reported that in rats lesioned with 6-OHDA,
percentage losses of DAT binding and [3H]DA uptake were compara-
ble to the loss of tissue DA (Altar et al., 1987; Joyce, 1991). In the
present study, all animals lost 97-100% of DAT binding in the lesioned
CP. Dialysis studies indicate that such a high degree of denervation
would result in lower basal extracellular concentrations of DA, and
would either markedly attenuate or abolish amphetamine-induced
DA outflow (Bjelke et al., 1994; Robinson and Whishaw, 1988; Zhang
et al., 1988). Such lesions would also reduce the DA-suppressant
effects of GBL, according to in vivo electrochemical findings (Blaha,
1996). It seems likely that severe DA depletion would also attenuate
stress-induced DA release, although this question appears unad-
dressed in the literature.

In the present study, profound unilateral DA depletion did not
detectably alter CP temperature. This was the case not only for
baseline temperature, but also for hyperthermia or hypothermia
associatedwith d-amphetamine, apomorphine, GBL, and the twomild
stressors. Statistical power analysis (Section 4.7) revealed an ability to
detect thermal side differences as small as 0.08, 0.12, and 0.18 °C for
amphetamine, mild stressors, and apomorphine, respectively. A lesion
effect was also not apparent in the early post-injection period when
brain hyperthermia tends to be more marked than peripheral
hyperthermia (Blech-Hermoni and Kiyatkin, 2004; Brown et al.,
2003). The negative result with apomorphine is perhaps particularly
noteworthy. Here, we used a low apomorphine dose designed to
stimulate "supersensitive" postsynaptic D2 receptors in lesioned CP,
as confirmed by the occurrence of contraversive rotation (Schwarting
and Huston, 1996). In contrast, in the intact CP, this dose of
apomorphine would act preferentially on D2 autoreceptors, reducing
DA transmission (Imperato et al., 1988).

It is possible that thermal equilibration between the intact and
lesioned CP could have masked a lesion effect. However, this
explanation seems improbable for the following reasons. First,
baseline temperature differences can be maintained even between
adjacent rat brain structures (Brown et al., 2003; Kiyatkin et al., 2002;
Kiyatkin andMitchum, 2003; Kiyatkin andWise, 2001; McElligott and
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Melzack, 1967; Tachibana, 1969). Second, stimulus-evoked temper-
ature changes have been localized to distinct subregions within the
feline lateral geniculate nucleus (McElligott and Melzack, 1967). In
the latter study, thermal responses recorded at one sensor could not
be detected at a second sensor located 3 mm away; our bilateral
thermocouples were more distant (approx. 5 mm apart). Thirdly, as
noted above, side differences as small as 0.08, 0.12, and 0.18 °C would
have been detectable for amphetamine, mild stressors, and apomor-
phine, respectively. These detection thresholds represent a small
fraction of the bilateral temperature changes evoked by our stimuli.
For example, amphetamine and apomorphine produced changes of
+1.2 °C and -1.3 °C, respectively, sustained for many minutes,
whereas the non-pharmacological stressors produced smaller tem-
perature increments (peak ∼0.7-0.9 °C).

Since both 6-OHDA and 125I-RTI-55 target the plasmalemmal DA
transporter, our approach also cannot exclude a role for dopaminergic
terminals that lack this protein. However, this possibility also seems
unlikely, for two reasons. First, DAT and tyrosine hydroxylase are
highly colocalized in nigrostriatal DA terminals (Hersch et al., 1997),
and second, we have previously obtained 99% depletion of CP DA
using the same 6-OHDA lesion parameters (Clarke et al., 1990).

Lastly, compensatory mechanisms almost certainly occurred
following the unilateral 6-OHDA lesion. However, compensatory
changes are unlikely to explain the present negative results, for the
following reason. All the lesioned rats rotated in response to the direct
DA agonist apomorphine, and hence would have rotated in response
to systemic amphetamine, since the latter does not require nearly as
much DA depletion (Schwarting and Huston, 1996). Therefore, the
lesioned rats, when challenged with amphetamine, would have
experienced an asymmetry of striatal dopamine transmission. It is
unclear how compensatory mechanisms could have masked such an
asymmetry.

3.4. Technical aspects

Removable sensors have seldom been used for measuring brain
temperature in rodents (Colbourne et al., 1993); virtually all
published work appears to have employed chronic indwelling probes.
The main advantage of removable probes is economic. Once
assembled, they require little if any maintenance. Unlike indwelling
sensors, they can be reused many times and they are not lost at the
end of the experiment. Two types of thermocouple probes were
tested. Both were sensitive to rapid temperature fluctuations (time
constant ∼0.1 s). The wider Physitemp model proved the more
durable, since the Omega probes were sometimes bent during
insertion, especially if the animals had not been extensively
habituated. The Physitemp thermoprobes (330 µm diameter) are
comparable in size to implanted thermocouples used by others
(Kiyatkin and Wise, 2001) and to commercially available micro-
dialysis probes, but much larger than carbon fiber microelectrodes
used for in vivo electrochemistry. The main limitation of these
removable thermoprobes is that repeated insertion causes a modest
degree of tissue damage; to our knowledge, comparative data for
chronically implanted probes have not been published.

3.5. Functional implications

Although numerous observations provide correlative evidence
consistent with a local brain-warming effect of DA (see Introduction),
the present findings suggest that any such effect must be very small,
accounting for fluctuations of less than 0.1-0.2 °C. This estimate was
obtained using pharmacological effects that likely exceed the
physiological range of DA function. Although certain aspects of
neuronal activity are highly temperature-sensitive (Kiyatkin, 2005;
Kiyatkin and Wise, 2001), it seems unlikely that such small
temperature changes would have important biological consequences
(Wirtshafter et al., 1978). One specific implication of our findings is in
the field of in vivo electrochemistry. Small temperature fluctuations
affect electrode kinetics and can measurably affect the size of
electrochemical signals (Marcangione et al., 1999), yet brain temper-
ature has rarely been recognized as a potential confound in the in vivo
literature. In this context, several validation studies have assessed DA
selectivity in part by systemically administering drugs that increase or
decrease DA release to animals bearing unilateral 6-OHDA lesions
(Blaha, 1996; Marsden et al., 1988). The present findings suggest that
this approach may be valid, at least for the drug conditions used here.

The wider functional significance of brain hypothermia or
hyperthermia is largely unknown, but could be profound (reviewed
by Kiyatkin, 2005). For example, certain cellular processes are highly
temperature sensitive and hyperthermia poses a therapeutic chal-
lenge in brain-damaged individuals (Kiyatkin, 2005; Kiyatkin and
Wise, 2001). In addition, brain hyperthermia has been proposed as an
index of neuronal activation (Kiyatkin and Wise, 2001), arousal
(Kiyatkin and Mitchum, 2003), and as a factor in the organization of
adaptive responses to unexpected environmental stimuli (Kiyatkin
andWise, 2001). Ascending dopaminergic neurons play an important
role in some of these functions, but not apparently in the local control
of caudate-putamen temperature.

4. Materials and Methods

4.1. Animals

Male Long-Evans rats (Charles River, St. Constant, QC, Canada)
weighing between 285 and 400 g at time of surgery were housed
individually in a temperature- and humidity- controlled animal
colony lit from 7 am to 7 pm. Food and water were available ad
libitum, except during test sessions, which occurred between 8:30 am
and 5:30 pm. All experimental protocols were approved by the McGill
Medical Faculty Animal Care Committee, in accordance with Canadian
Council on Animal Care guidelines, in order to minimize pain and
discomfort.

4.2. Surgery

Each rat was pretreated with the monoamine oxidase inhibitor
pargyline (50 mg/kg i.p. 30 min prior to surgery), and anesthetized
with either ketamine HCl (80 mg/kg i.p.) and xylazine HCl (16 mg/kg
i.p.) in the first experiment, or with Na pentobarbital (55 mg/kg i.p.)
in subsequent experiments. Atropine methyl nitrate (0.04 mg/kg s.c.)
was administered to minimize bronchial secretions when Na
pentobarbital was used. Each rat was placed in a stereotaxic
instrument (Kopf) with the tooth bar positioned 4.2 mm below the
ear bars. Solutions of 6-OHDA HBr were thawed just prior to use and
kept on ice in the dark. 6-OHDA was infused unilaterally into the
medial forebrain bundle; the injection side was counterbalanced
across animals. Coordinates (in mm) were set as follows: 5.9 anterior,
2.3 lateral, and 2.2 dorsal to interaural zero (Paxinos and Watson,
1998). Infusions (4 µg base in 2 µl) were made over 10 min via a 30
gauge stainless steel cannula connected by PE 10 tubing to a 5 µl
Hamilton syringe driven by a syringe pump (MF-9090, BioAnalytical
Systems, West Lafayette, IN, USA). The cannula was removed after a
5 min delay to allow for diffusion. Following the medial forebrain
bundle infusion, each rat was bilaterally implanted with 22 gauge
guide cannulae (model C313G, Plastics One Inc., Roanoke, VA, USA) to
permit subsequent insertion of thermocouples into the dorsal CP
(bregma +1.2, lateral ±3.0, skull surface –4.0). Guide cannulae were
secured with the aid of four stainless steel skull screws and dental
cement. A stainless steel stylet (model C313DC, Plastics One) was
inserted into each guide cannula so as to protrude 1.5 to 2.0 mm past
the tip. The wound was sutured and rats received an analgesic
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(dipyrone 100 mg/kg s.c. in Experiment 1, buprenorphine 0.05 mg/kg
s.c. in subsequent experiments).

Rats were handled in the days before and after surgery. One week
following surgery, animals were tested for spontaneous ipsiversive
turning (Schwarting and Huston, 1996) in an open field and only
those displaying robust ipsiversion were tested further.

4.3. Measurement of caudate-putamen temperature

Thermocouple probes (model KMTSS-010U-6, K-type, 250 µm
diameter, Omega, Laval, QC, Canada or model MT-29/3, T-type,
330 µm diameter, Physitemp, Clifton, NJ, USA) were inserted and
secured inside a cannula connector assembly (C313C, Plastics One).
This was done such that the probe, once inserted into the intracranial
guide cannula, would protrude 1.5 to 2 mm. The thermocouples were
connected via a slip-ring commutator (CAY-675-12, Airflyte Electron-
ics Co., Bayonne, NJ, USA) to a thermocouple thermometer unit
(DuaLogR® Thermocouple Thermometer model P-91100-50, Labcor,
Anjou, QC, Canada) from which data were subsequently uploaded to
computer via an RS-232 interface adapter (Cole-Palmer Instrument
Co.). Thermocouples were calibrated against a mercury thermometer
marked in 0.1 °C divisions and traceable to NIST standards (Fisher
Scientific, Montreal, QC, Canada). They were cleanedwith 70% ethanol
prior to insertion. Temperature was recorded in the CP at 5 min
intervals for drug tests and at more frequent (30 s) intervals for tests
with mild stressors.

4.4. Quantitative [125I]RTI-55 autoradiography

The extent of the 6-OHDA lesion was quantified by autoradio-
graphic labeling of the plasmalemmal DA transporter by [125I]RTI-55,
using a method adapted from published protocols (Boja et al., 1992;
Coulter et al., 1995). The rats were anesthetizedwith Na pentobarbital
(65 mg/kg i.p.) and decapitated. The brains were rapidly removed and
frozen in 2-methylbutane at -50 °C for 30 sec and stored at -40 °C.
Cryostat-cut coronal sections (20 µm thick) were collected at 0.5 mm
intervals throughout the extent of the CP. At each anteroposterior
level, six adjacent sections were thaw-mounted on gelatin-subbed
slides, air-dried at RT for 20 to 30 min, and stored with desiccant at
-40 °C. Additional sections were air-dried and Nissl-stained with
cresyl violet in order to localize the thermocouple.

For radiolabelling, sections were thawed at RT and incubated for
120 min at RT in 10 mM sodium phosphate buffer containing 10 pM
[125I]RTI-55, 0.1 M sucrose, and 50 nM citalopram HBr to protect 5-HT
transporters (Coulter et al., 1995). Non-specific binding was defined
by the addition of the DA uptake inhibitor GBR 12909 (10 µM).
Sections were rinsed in ice-cold radioligand-free buffer (1×1 min
plus 2×20 min) and distilled water (5 sec), then blow-dried. Sections
were exposed to X-ray film (Kodak X-OMAT AR) together with [125I]
autoradiographic standards (Amersham) for 48 hours in light-proof
cassettes. Film autoradiographs were quantified using an M4 MCID
microcomputer-based system (Imaging Research, St. Catherines, ON,
Canada). One circular sample of 2 mmdiameter wasmeasured in each
dorsal CP from two sections at a given rostrocaudal level.

4.5. Drugs

Drugs and suppliers were as follows: [125I]RTI-55 (2200 Ci/mmol,
NEN Life Sciences Products); 6-hydroxydopamine HBr (6-OHDA),
atropine methyl nitrate and pargyline HCl (Sigma); gamma-butyr-
olactone (i.e. GBL, Research Biochemicals Inc.); Na pentobarbital (MTC
Pharmaceuticals, Cambridge, ON, Canada); buprenorphine HCl (Reck-
itt & Colman Pharmaceuticals); dipyrone (Vetoquinol, Lavaltrie, QC,
Canada); R(-)-apomorphine HCl (ICN Biomedicals, Aurora, OH, USA);
ketamine HCl (Vetalar™, Vetrepharm™, London, ON, Canada);
xylazine HCl (Anased™, Novopharm, Toronto, ON, Canada); and d-
amphetamine sulphate (Bureau of Drug Research, Ottawa, ON,
Canada). Amphetamine and pargyline were dissolved in 0.9% saline.
GBL was dissolved in distilled water to make an injection volume of
1 ml/kg body weight. 6-OHDA HBr was dissolved in 0.9% saline made
with preboiled distilled water and with 0.1 mg/ml ascorbic acid
added. The apomorphine vehicle was 0.3 mg/ml Na metabisulphite in
distilled water, brought to pH 7.2 with 0.5 MNaOH prior to addition of
drug. The solutions of 6-OHDA and apomorphine were shielded from
light. Doses are expressed either as salt (d-amphetamine, pargyline)
or as free base (apomorphine, 6-OHDA). Systemic administration was
in a volume of 1 ml/kg, given by i.p. injection except for apomorphine,
d-amphetamine, and atropine methyl nitrate (s.c.).

4.6. Plan of experiments

4.6.1. Effects of d-amphetamine and apomorphine on caudate-putamen
temperature

Temperature tests were performed 16 to 27 days after surgery.
Each animal received five tests: once with each dose of d-
amphetamine (1 and 2 mg/kg s.c.) and apomorphine (0.1 mg/kg s.
c.), and twice with saline (s.c.). The five tests were given in random
order and were spaced two days apart. On test days, thermocouples
were first inserted and each rat was habituated for 30-40 min to its
test chamber, injected, and then left undisturbed and unobserved in
the test cage for the 3-hour session. Three weeks after the final
temperature test, all rats were tested once more with apomorphine
(0.1 mg/kg s.c.), and contraversive and ipsiversive rotations were
counted 20-30 min post-injection. Animals were sacrificed the next
day and their brains were collected for quantitative [125I]RTI-55
autoradiography.

4.6.2. Effects of GBL on caudate-putamen temperature
Rats were tested 15 days after surgery. Animals were randomly

allocated to two groups and tested with either GBL (700 mg/kg i.p.) or
saline (i.p.). GBL-treated rats were given a low dose of atropine
methyl nitrate (0.04 mg/kg s.c.) to minimize bronchial secretions.
Atropine methyl nitrate does not readily cross the blood brain barrier,
and even in high doses (e.g. 1 mg/kg) is reported not to affect core
temperature (Overstreet and Russell, 1982; Simonic et al., 1988). In
pilot studies, we performed i.p. injections in rats which had
thermocouples already inserted and were hence tethered to an
electrical commutator. However, this procedure appeared somewhat
stressful, and tominimize this aspect the following test procedurewas
used instead. Each rat was habituated to the test cage for 20 min,
briefly removed for injection and insertion of thermocouples, and left
in the test cage for the 3-hour session. One week after in vivo testing,
the GBL-tested group was sacrificed and their brains were collected
for quantitative [125I]RTI-55 autoradiography. The saline-tested
animals were then used in the next experiment.

4.6.3. Effects of mild stressors on caudate-putamen temperature
Oneweek after their saline test, each rat was tested with two types

of mild stressor (tail pinch and grooming stimulus), in separate 3-
hour sessions occurring two days apart in counterbalanced order.
Each tail pinch of 10 min duration was applied at the base of the tail
with a modified metal hair clip, padded with heat-shrink tubing such
that the pressure of the clip would not illicit vocalization. Each
grooming stimulus comprised one or two drops of water delivered
from a plastic transfer pipette onto the rat's snout, and repeated as
necessary in order to induce continuous grooming for 5-10 min
(Lowry et al., 1997). At the start of each session, rats were connected
to the thermocouples and habituated for 1-hour to the test chamber,
then subjected to two mild stressor trials spaced 50 min apart. Rats
were sacrificed one week after the final in vivo test and their brains
were collected for quantitative [125I]RTI-55 autoradiography.
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4.7. Statistical analysis

Statistical analysis was performed using commercial software
(SYSTAT version 10, SPSS Inc., Chicago, IL, USA). Data were subjected
to repeated measures ANOVA. Each rat was used as its own control
with regard to lesion effect (i.e. ipsilateral vs. contralateral side), and
also with respect to drug effect (except for GBL, where a between-
subject design was used). Probability values are 2-tailed. For repeated
measures ANOVA, the Huyhn-Feldt P value is reported. Probability
values derived from multiple t-tests were subjected to the Bonferroni
correction. In order to determine theminimum statistically detectable
temperature difference in a given experiment, power analysis was
performed; this was based on paired t-tests (i.e. lesion vs. intact side),
using the mean and error variance values obtained (Zar, 1984).
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