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Activating dopamine D2 receptors 
reduces brown adipose tissue 
thermogenesis induced by 
psychological stress and by 
activation of the lateral habenula
Mariana Brizuela, Anna Antipov, William W. Blessing & Youichirou ootsuka  *

Emotional hyperthermia is the increase in body temperature that occurs as a response to an animal 
detecting a salient, survival-relevant stimulus. Brown adipose tissue (BAT) thermogenesis, controlled 
via its sympathetic innervation, contributes to this temperature increase. Here, we have used an 
intruder rat experimental model to determine whether quinpirole-mediated activation of dopamine D2 
receptors attenuates emotional hyperthermia in conscious rats. In anesthetized rats, we determined 
whether systemic quinpirole reduces BAT nerve discharge induced by activation of the medullary raphé 
and the lateral habenula (LHb). We measured BAT and body temperature with chronically implanted 
thermistors in conscious, freely moving, individually housed, male rats (resident rats). Either vehicle 
or quinpirole was administered, intraperitoneally, to the resident rat 30 min before introduction of 
a caged intruder rat. Quinpirole, in a dose-dependent manner, reduced intruder-elicited increases in 
BAT and body temperature. Pre-treatment with the D2 antagonist spiperone, but not the selective D1 
antagonist SCH-23390, prevented this quinpirole-elicited decrease. In anesthetized rats, quinpirole 
abolished BAT sympathetic nerve discharge elicited by bicuculline-mediated activation of the LHb, but 
not the medullary raphé. Thus, activation of dopamine D2 receptors reduces the BAT thermogenesis 
that contributes to emotional hyperthermia. We provide evidence that these dopamine D2 receptors are 
located in the thermogenic pathway between the LHb and the lower brainstem pre-sympathetic control 
centre in the medullary raphé.

Salient, life-relevant, environmental events generate a rise in body temperature; a process referred to as psycho-
logical, stress-induced, or emotional (our preferred term) hyperthermia1–4. Both the vasoconstriction of ther-
moregulatory beds and the increased heat production in brown adipose tissue (BAT) contribute to this rise in 
body temperature5. We use an experimental model of emotional hyperthermia in which a conscious, chronically 
instrumented freely-moving rat (resident rat) is suddenly confronted with a second, caged, rat (intruder rat). 
Since there is no actual contact between the animals, the autonomic responses induced in the resident rat result 
from emotional, rather than physical, factors. BAT thermogenesis makes a substantial contribution to the result-
ant hyperthermia in our model, as well as in other social stress models6–9.

A body of evidence supports the view that dopamine is one of the neurotransmitters involved in thermoregu-
latory control regulated by the CNS. Dopamine D2 receptor agonists, administered systemically, intraventricularly 
or intracerebrally, decrease metabolic rate and increase heat dissipation via cutaneous circulation, resulting in the 
fall of body temperature10–14. Quinpirole, a selective dopamine D2 receptor agonist, that crosses the blood brain 
barrier15,16, has facilitated the interpretation of studies investigating the thermoregulatory effects of dopamine. 
Our laboratory was the first to report that cold-induced BAT thermogenesis in rats is substantially reduced by 
the systemic administration of quinpirole17. Further, quinpirole-mediated inhibition of BAT thermogenesis was 
blocked by pre-treatment with dopamine D2 receptor antagonists that cross the blood-brain barrier, but not by 
domperidone, a peripherally-acting dopamine D2 receptor antagonist. By directly recording BAT sympathetic 
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nerve activity in anesthetized rats, we confirmed that quinpirole reduces sympathetic outflow to BAT; thus, 
implying that the drug acts within the CNS.

The lateral habenula nucleus (LHb) is involved in emotional hyperthermia. Lesioning the LHb attenuates BAT 
thermogenesis that contributes to emotional hyperthermia in conscious unrestrained rats, whilst stimulation of 
the LHb increases BAT sympathetic discharge, and BAT thermogenesis, in anaesthetized rats18,19. Our recent 
study20 suggests that the LHb-elicited BAT response is mediated via an indirect pathway, that includes the ventral 
tegmental area (VTA), to the medullary raphé - the key lower brainstem, pre-sympathetic, thermoregulatory 
control centre21. The VTA is part of the mesolimbic dopamine pathway, which is closely associated with emo-
tional behaviour. LHb neurons, activated by aversive stimuli, provide inhibitory control over dopamine neurons 
in the VTA22–24. Therefore, it is possible that the VTA dopamine system is involved in the regulation of emotional 
hyperthermia.

In the present study, we first determined whether pre-treatment with quinpirole inhibits emotionally induced 
BAT thermogenesis in our intruder rat model. We then tested for dopamine receptor specificity by administering 
a low dose of spiperone (D2 receptor antagonist) or SCH-23390 (D1 receptor antagonist) prior to administration 
of quinpirole. In anesthetized rats, we then tested our hypothesis that quinpirole acts within the pathway link-
ing the LHb to the medullary raphé. We activated BAT sympathetic discharge through focal microinjections of 
bicuculline into either the LHb or the medullary raphé, and determined whether the consequent increase in 
sympathetic discharge was reduced by systemic administration of quinpirole. We hypothesized that quinpirole 
would reduce BAT sympathetic discharge initiated by LHb stimulation, but would not affect discharge initiated 
by the medullary raphé.

Experimental Procedures
Ethics approval. All experiments were conducted at Flinders University in accordance with the Australian 
code for the care and use of animals for scientific purposes (8th edition) and with ethical approval from the 
Flinders University Animal Welfare Committee. Rats were bred at the Flinders University animal facility. Animals 
were maintained at 20 °C, on a 12 hour light/dark cycle with access to food and water ad libitum. Studies were 
performed in male Sprague-Dawley rats (300–500 g). Flinders University ethics approval number 940/17.

Surgical procedure for conscious rats. All preparatory surgical procedures were performed under general  
anaesthesia (2% isoflurane (Veterinary Companies of Australia, Kings Park, NSW, Australia) in 100% oxygen). 
Temperature probes were manually made from thermistors (NTH5G10P, Mu- rata, Kyoto, Japan) and sealed with 
silicone (RTV 3–1744, Dow Corning, Midland, MI, USA). The thermistor probes were implanted into the anterior 
mediastinum, ventral to the trachea (body temperature) and into the interscapular BAT region near the vein of 
Sulzer (BAT temperature)6,25. Insulated wires from each of the temperature probes were then subcutaneously passed 
to the head of the rat, attached to a head socket that was screwed to the skull, and secured with dental cement. For 
drug administration, a catheter was implanted into the intraperitoneal cavity, and was also passed subcutaneously 
to the head where it was attached to the head socket with dental cement. Following surgery, analgesia (Carprofen 
5 mg/kg s.c.) (Norbrook Laboratories, Melbourne Australia) and antibiotics (Baytril 0.1 ml s.c.) (Bayer Australia, 
Pymble, NSW, Australia) were administered. Once the rat had fully recovered from anaesthesia, it was individually 
caged and returned to the animal holding room for a recovery period of at least one-week. Once all experimental 
recordings were completed, the animal was euthanized with pentobarbitone sodium (180 mg/kg i.p.) (Virbac Pty 
Limited, Milperra, NSW, Australia).

Recording of physiological parameters, drug administration and the intruder-stress model. One 
day prior to the first experiment, the resident rat was placed into a plastic, open roofed, ‘home cage’ (350 mm wide × 
400 mm long × 450 mm height) located in a temperature-controlled recording chamber (Biomedical Engineering, 
Flinders University). The ambient temperature in the chamber was maintained at 26 °C. The food container was 
suspended from a high-frequency response strain gauge to allow for the observation of timing of each meal and the 
amount consumed26.

The head socket was connected to a temperature recording device via a flexible cable and counter-balanced 
swivel device (SL12C, PlasticOne, Roanoka, VA, USA) that was located above the home cage. BAT and body tem-
perature signals were passed to a bridge amplifier (Biomedical Engineering, Flinders University) and digitized 
(1 Hz) with PowerLab (ADInstruments, Castle Hill, NSW, Australia). Behavioural locomotor activity of the resi-
dent rat was recorded with a pyroelectric passive infrared sensor (NaPiOn, AMN1111, Panasonic, Osaka, Japan)  
positioned above the home cage. Behavioural activity signals were digitized at 100 Hz and expressed as the total 
amount of active time (sec) per minute (sec/min). The implanted catheter was connected to tubing that was 
accessible from outside the recording chamber, allowing for drug administration with minimal interference to the 
animal. The rat was kept in the home cage for the entire experimental period. All experimental procedures were 
conducted during the dark period.

Prior to experimentation, each resident rat displayed typical ultradian increases in BAT and body temperature, 
with episodes occurring at approximately 1–2 hour intervals25. Observation of these rhythms facilitated the selection 
of a suitable baseline to be used in the experimental study. All drugs were administered between ultradian episodes 
when BAT temperature was near the baseline value for each individual animal.

Thirty minutes after vehicle (Ringer) or quinpirole (5, 25, 250 µg/kg) administration, the chamber was opened 
and a second male rat (intruder rat) confined to a small plastic and wire mesh cage (19 × 29 × 12 cm) was intro-
duced to the home cage. Recording of the experimental parameters continued throughout the 30-min intrusion 
period.

For the second experimental section, either spiperone (0.2 μg/kg), R(+)-SCH-23390 hydrochloride (100 µg/kg),  
or vehicle was administered intraperitoneally. Thirty minutes following drug or vehicle administration, a second 
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drug injection (quinpirole, 250 µg/kg) was given. After a further 30 mins, the intruder test was conducted as 
described above. Each rat received no more than five injections, in a counterbalanced rotating order to control for 
serial effects, with three days between each injection (Fig. 1)27,28.

Anaesthetized experiments. Surgery was performed as previously described20. Briefly, rats were anesthe-
tized with isoflurane (2% in oxygen) and an endotracheal tube was inserted via a tracheotomy. The right femoral 
vein and artery were cannulated for the injection of drugs and measurement of arterial pressure, respectively. Rats 
were later anesthetized with a mixture of urethane (400–800 mg/kg) and alpha-chloralose (40–80 mg/kg) after 
isoflurane anaesthesia was discontinued. Rats were mounted onto a stereotaxic frame, the bregma-lambda plane 
was aligned for a skull-flat configuration and a burr-hole craniotomy was made to allow for chemical injection 
over the LHb (3.6 mm caudal from Bregma, 0.7 mm lateral from midline, 4.6 mm deep from the cortex surface) 
or the rostral medullary raphé (12 mm caudal from Bregma, midline, 9.2 mm deep from the cortex surface). Rats 
were subsequently paralysed with d-tubocurarine (0.3 ml i.v. of a 0.3 mg/ml solution in Ringer) and artificially 
ventilated with 100% O2 (60–65 cycle/min, volume 2–3 ml/cycle). Animals were allowed to recover from paralysis 
between doses, so that adequate anaesthesia could be confirmed before paralysis was re-established. Body and 
BAT temperature were measured with thermocouples (TC-2000; Sable Systems). Body temperature was main-
tained with a water jacket26. End expiratory CO2 (Normocap; Datex, Helsinki, Finland) was directly recorded as 
per previous studies18,27 and maintained at 4–5% in resting condition.

An interscapular BAT sympathetic nerve was isolated as described previously29. Nerve activity was recorded 
using a pair of silver electrodes, amplified (gain 20,000, NL104 amplifier, Digitimer Ltd., Welwyn Garden City, 
U.K.) and filtered (band-pass 1–1000 Hz, NL125 filter, Digitimer). At the end of experiments, a ganglionic blocker, 
chlorisondamine chloride (10 mg/kg i.v.), was administered to confirm the loss of BAT sympathetic nerve activity 
and ensure that the nerve recording was made from postganglionic sympathetic axons. All data was sampled 
and digitized by PowerLab at 1 kHz. The amplitude of BAT sympathetic nerve discharge was expressed as a total 
power spectral (between 0–20 Hz, 5.12-s segment)27. The total power was shown in decibel microvolt (10 × log 
(power), dBμV)27.

Bilateral injections were made in the LHb (n = 6) or in the rostral medullary raphé (n = 8) using a 
long-shanked 5-µl glass micropipette filled with bicuculline ((−)-bicuculline methiodide, TOCRIS) (1nmol, 
100 nl). Fluorescent beads (FluorSpheres carboxylate-modified microspheres, Molecular Probes) were added 
to the drug before injection to aid in the histological examination of injection sites. Intravenous injections of 
Quinpirole (25 µg/kg) were made after bicuculline ((−)-bicuculline methiodide) injection into either the LHb or 
the rostral medullary raphé.

Histological confirmation of brain injection sites. At the end of the experiments, animals were per-
fused transcardially with washing solution (140 mM NaNO2, 1 mM phosphate buffer pH 7.4; 0.2 mM NaH2PO4.
H2O, 0.8 mM NaH2PO4) followed by formaldehyde-fixatives (4%). The brains were removed for histological con-
firmation of injection sites via visualization of fluorescence. Serial sections (50 µm) were cut with a cryostat (Leica 
biosystems). Sections were visualized and imaged immediately after mounting using an Invitrogen EVOS FL 
fluorescent microscope (Thermo Fisher Scientific). Images were superimposed using ImageJ freeware.

Data analysis. Physiological signals were recorded with PowerLab (AD Instrumets) and analysed with Igor 
Pro (WaveMetrics, Portland, OR). Statistical analysis was performed using SPSS (IBM Corp, version 25) and 
Graph-pad Prism 6 (Graph-pad software Inc., CA). Dose-related responses for quinpirole administration were 
assessed using linear regression between log-dose and the measured parameters. If the regression was not sig-
nificant, factorial ANOVA was then used to determine if the parameter was different from other experimental 
conditions.

In the conscious animal study, to evaluate the effect of drug administration on baseline BAT and body tem-
perature, the difference between the mean of the 5 min period prior to drug administration and the mean of the 
5 min period at 23–28 min post-drug administration was calculated (delta BAT and body temperatures from 
the pre-injection level) as described previously27. To determine the effects of the intruder-stress for each experi-
mental condition, the change in BAT and body temperature from the 10 min period prior to intruder introduc-
tion and temperature values at 18–28 min following intruder introduction were observed (delta BAT and body 
temperature from the pre-intruder level). Due to inter-animal variation, particularly in regards to the onset of 

Group 1

Group 2

Group 3

Group 4

Veh

Veh

Veh

VehLow

Low

Low

Low

Mid

Mid

Mid

MidHigh

High

High

High

Figure 1. Counterbalanced design of intraperitoneal quinpirole injection for conscious experiments in rats. A 
rotating order of injections was used to control for serial drug effects, allowing a three-day period between each 
injection. Veh (vehicle was Ringer solution), Low (lowest concentration of the drug used was 5 µg/kg), Mid (mid 
range concertation of the drug was 25 µg/kg), High (highest concentration of the drug was 250 µg/kg).

https://doi.org/10.1038/s41598-019-56125-3


4Scientific RepoRtS |         (2019) 9:19512  | https://doi.org/10.1038/s41598-019-56125-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

the intruder-elicited temperature increase, this longer time period was selected27. For behavioural activity, the 
mean activity value was calculated as a percentage of the first 5 min after injection or intruder introduction27. For 
each experimental variable and drug combination examined in the intruder situation, factorial ANOVA was also 
used to determine whether the values observed were significantly different from other experimental groups. The 
Fisher’s least significant difference test was used for post-hoc analysis. Significance level was set as P < 0.05 for all 
statistical evaluations. In the conscious study, the number of recordings between recorded parameters (BAT and 
body temperature, and behavioural activity) was not the same in some cases due to signal failure in the probes. 
Group results (mean ± SEM) were calculated for each experimental condition.

Drugs. Quinpirole hydrochloride (Sigma-Aldrich, St. Louis, USA), spiperone (Sigma-Aldrich) and 
R(+)-SCH-23390 hydrochloride (Sigma-Aldrich) were dissolved in 0.5 ml Ringer solution. Doses for spiperone 
and SCH-23390 were obtained from our previous reports28.

Results
Studies in conscious rats. Effect of quinpirole on intruder-elicited increases in BAT and body temperatures, 
and behavioural activity. Both BAT and body temperatures rapidly increased after introduction of the caged 
intruder following pre-treatment with vehicle (Fig. 2). Quinpirole significantly attenuated the intruder-elic-
ited increases in the temperatures, in a dose-related manner (log-dose regression for delta BAT temperature, 
F1,16 = 36.651, R2 = 0.70, P < 0.001; for delta body temperature, F1,16 = 31.043, R2 = 0.66, P < 0.001) (Fig. 3). The 
middle dose (25 μg/kg) inhibited the intruder-elicited increases in BAT and body temperature, without affecting 
the baseline temperature. For the lowest dose of quinpirole (5 μg/kg), the intruder-elicited temperature responses 
were not different from those in the vehicle group (P > 0.05).

When the caged intruder was placed into the home cage, the resident rat with vehicle pre-treatment 
became very active, circling and climbing on top of the intruder’s cage, as previously described6. Quinpirole 
dose-dependently reduced the resident’s rat activity levels following introduction of the intruder (F1,16 = 12.641, 
R2 = 0.44, P < 0.01) (Fig. 2).

Effects of pre-treatment with the dopamine D1 antagonist SCH-23390 and the dopamine D2 antagonist spiperone 
on quinpirole’s actions in the intruder rat model. To confirm that quinpirole’s actions were mediated selectively 
by D2, and not by D1 receptors, the drug effects were evaluated after the pre-treatment with D2 or D1 antagonists. 
Data for quinpirole after pre-treatment with spiperone or SCH-23390 were compared with vehicle pre-treatment 
using factorial ANOVA. This comparison for BAT and body temperature was significant (F2,16 = 8.789, P < 0.01 
for delta-BAT temperature from pre-intruder level; F2, 16 = 4.138, P < 0.05 for delta-body temperature) (Fig. 4). 
Pre-treatment with spiperone, but not with SCH-23390, prevented the inhibitory effects of quinpirole on the 
intruder-elicited increases in BAT (P < 0.01) and body (P < 0.05) temperatures (Fig. 5). Neither spiperone nor 
SCH-23390 prevented the inhibitory effect of quinpirole on intruder-elicited increases in behavioural activity  
(F2, 20 = 1.690, P > 0.05).
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Figure 2. Group data (mean ± SEM) from the quinpirole dose-response experiment. Averaged experimental 
records from the resident rats after vehicle (n = 7) or quinpirole (n = 6 for each group) treatment showing BAT 
and body temperatures, and behavioural activity. The administration (time 0) was made 30 min before the 
introduction of the intruder rat. The intruder was introduced for 30 min (horizontal black bar with arrows).
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Studies in anesthetized rats. Effects of quinpirole on BAT sympathetic nerve discharge induced by activation 
of the medullary raphé. Under resting conditions in anesthetized rats, nanoinjections of bicuculline (1nmol in 
100 nl) into the medullary raphé increased BAT sympathetic nerve activity from 1.24 ± 0.19 to 17.35 ± 5.70 dBμV 
(n = 8, F1,7 = 36.82 P < 0.001, repeated measures ANOVA) and BAT temperature from 33.5 ± 0.2 to 34.5 ± 0.3 °C 
(F1,9 = 21.47 P < 0.001, repeated measures ANOVA) (Fig. 6A). Quinpirole (25 µg/kg, i.v.) was administered after 
activation of the raphé. This dose was used since it sufficiently inhibited the intruder-elicited BAT thermogenesis 
in conscious studies. Injections of quinpirole had no effect on sympathetic nerve discharge or BAT temperature 
(n = 8, P > 0.05, Figs. 6 and 7).

Effects of quinpirole on BAT sympathetic nerve discharge induced by activation of the LHb. Bilateral nanoinjections  
of bicuculline (1nmol in 100 nl) were made into the LHb (Fig. 6). Bicuculline injections increased BAT nerve 
discharge from 0.98 ± 0.12 to 5.11 ± 1.54 dBμV (n = 6, F1,7 = 19.08 P < 0.001, repeated measures ANOVA) and 
BAT temperature (n = 6, F1,7 = 17.03 P < 0.05, repeated measures ANOVA) (Fig. 6). Quinpirole (25 µg/kg, i.v.) 
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Figure 3. Group results (mean ± SEM) of the effect of vehicle or quinpirole administration on intruder-elicited 
changes in BAT and body temperature. Asterisks indicate significant linear regression between log-dose of 
quinpirole and changes in BAT and body temperatures. ***P < 0.001.
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Figure 4. Group data (mean ± SEM) from dopamine receptor antagonist experiments. Averaged experimental 
records from resident rats for quinpirole (250 µg/kg i.p.) following pre-treatment with vehicle (n = 7), spiperone 
(0.2 µg/kg, i.p.) (n = 8) or SCH-23390 (100 µg/kg i.p.) (n = 7) showing BAT and body temperatures and 
behavioural activity. Administration of quinpirole was made 30 min after pre-treatment. The intruder rat was 
then introduced into the cage of the resident rat (horizontal black bar with arrows) 30 min after quinpirole 
administration.
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was administered after activation of the LHb. Quinpirole decreased sympathetic nerve discharge (1.68 ± 0.35 
dBμV, n = 6, P < 0.05, Figs. 6 and 7A) and BAT temperature (n = 6, P < 0.05, Figs. 6 and 7B) to values similar to 
pre-injection level.

Discussion
Our experiments provide the first demonstration that activation of dopamine D2 receptors robustly, and pow-
erfully, inhibit emotionally-elicited BAT thermogenesis in a dose-dependent manner. The moderate dose of 
quinpirole (25 µg/kg) strongly prevented the induced temperature increases, without significant effect on resting 
temperatures. The behavioural activity response to the intruder animal was also reduced by quinpirole, but the 
response remained reasonably vigorous after the moderate dose. Thus, it is not likely that quinpirole’s inhibitory 
effect on BAT thermogenesis is secondary due to the general, sedative-like, effects of quinpirole. Our study con-
firms that quinpirole inhibits the contribution of BAT thermogenesis to emotional hyperthermia, via the agent’s 
selective effects on dopamine D2 receptors. Thus, the resulting inhibition was prevented by prior treatment with 
low dose spiperone, but not by pre-treatment with SCH-23390. The results are consistent with a series of papers 
from our laboratory17,28. Quinpirole’s inhibitory effect on behavioural activity was much less marked than its 
action on BAT thermogenesis, and the inhibition that was observed was not prevented by pre-treatment with the 
dopamine D2 antagonist spiperone; suggesting that quinpirole’s effects on behavioural activity might be mediated 
by presently unknown mechanisms.

Results from the anesthetized animal experiments show that quinpirole abolishes the BAT thermogenesis 
induced by the activation of neurons in the LHb, but not the disinhibition of neurons in the medullary raphé- 
strongly suggesting that quinpirole acts on CNS neurons located in the thermoregulatory circuitry linking the 
LHb to the medullary raphé18,19.

The LHb is powerfully activated by negative salient events. Output from the LHb robustly activates BAT ther-
mogenesis in anesthetized rats, and lesioning the LHb reduces emotional BAT thermogenesis in our conscious 
resident rat intruder model18,19. The LHb has no direct projection to the medullary raphé, and therefore, we sug-
gest that the linking CNS pathway may include the ventral tegmental area (VTA).

The rostrally-projecting axons of VTA dopamine neurons constitute the mesolimbic and mesocortical dopa-
mine systems - key components of CNS regulation of emotional function30. Inhibiting all VTA neurons with focal 
microinjections of muscimol powerfully activates BAT sympathetic nerve activity and BAT thermogenesis20. The 
LHb, and outputs from the LHb, activate GABAergic neurons in the “tail” of the VTA in order to inhibit dopamine 
neurons within the VTA; thereby acting as a dopamine “brake” and reducing activity in the mesolimbic reward 
system22,23,31,32. This facilitates the redirection of attention to life-relevant events in the external environment,  
with the presence of associated autonomic responses, including increases in body temperature (emotional 
hyperthermia).
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Figure 7. Quantitative analysis of drug effects after bicuculline injection into the medullary raphé injection or 
the LHb, and subsequent quinpirole injection (i.v.). Bar graphs represent maximum values after drug injections 
of BAT SNA (A) and BAT temp (B). Mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001.
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Transgenic mice with reduced dopamine synthesis, including synthesis in VTA dopamine neurons, have 
increased energy expenditure and increased BAT thermogenesis33. Moreover, loss of D2 receptors leads to 
increased energy expenditure and decreased body weight in experimental animals34, suggesting that increased 
BAT thermogenesis might contribute to this weight loss. It may be the case that activation of dopamine D2 recep-
tors contributes to the marked weight gain associated with the use of atypical antipsychotic agents35.

In Parkinson’s disease there is a substantial loss of dopamine-synthesizing neurons in the VTA, as well as 
the substantia nigra36–39. It is, therefore, interesting to note that patients with Parkinson’s disease have weight 
loss associated with an increased basal metabolic rate40–42. This elevated energy expenditure is reduced by 
dopamine-replacement therapy43 and by the use of therapeutic brain stimulation44. Apomorphine (dopamine D2 
agonist) infusion for amelioration of Parkinson’s disease symptomology also leads to weight gain45. Patients with 
Parkinson’s disease are also reported to have higher brain temperatures and lower hand temperatures, consistent 
with increased heat production and/or decreased heat loss46–48. This could be related to loss of dopamine neurons 
in the VTA.

Conclusion
Quinpirole-mediated stimulation of central dopamine D2 receptors reduces the BAT thermogenesis that contrib-
utes to emotional hyperthermia. The brain neural circuitry mediating this response includes the indirect pathway 
linking the LHb with the medullary raphé - a pathway that may include the dopamine-synthesizing neurons of 
the VTA. Quinpirole’s inhibition of emotional hyperthermia could be mediated via the actions of VTA dopamine 
neurons, or their rostrally-innervated target nuclei.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 9 July 2019; Accepted: 8 December 2019;
Published: xx xx xxxx

References
 1. Renbourn, E. T. Body temperature and pulse rate in boys and young men prior to sporting contests. A study of emotional 

hyperthermia: with a review of the literature. Journal of psychosomatic research 4, 149–175 (1960).
 2. Long, N. C., Vander, A. J. & Kluger, M. J. Stress-induced rise of body temperature in rats is the same in warm and cool environments. 

Physiology & Behavior 47, 773–775 (1990).
 3. Zethof, T. J., Van der Heyden, J. A., Tolboom, J. T. & Olivier, B. Stress-induced hyperthermia as a putative anxiety model. Eur J 

Pharmacol 294, 125–135 (1995).
 4. Oka, T. Psychogenic fever: how psychological stress affects body temperature in the clinical population. Temperature (Austin, Tex.) 

2, 368–378, https://doi.org/10.1080/23328940.2015.1056907 (2015).
 5. Blessing, W., McAllen, R. & McKinley, M. Control of the Cutaneous Circulation by the Central Nervous System. Comprehensive. 

Physiology 6, 1161–1197, https://doi.org/10.1002/cphy.c150034 (2016).
 6. Mohammed, M., Ootsuka, Y. & Blessing, W. Brown adipose tissue thermogenesis contributes to emotional hyperthermia in a 

resident rat suddenly confronted with an intruder rat. American journal of physiology. Regulatory, integrative and comparative 
physiology 306, R394–400, https://doi.org/10.1152/ajpregu.00475.2013 (2014).

 7. Lkhagvasuren, B., Nakamura, Y., Oka, T., Sudo, N. & Nakamura, K. Social defeat stress induces hyperthermia through activation of 
thermoregulatory sympathetic premotor neurons in the medullary raphe region. The European journal of neuroscience 34, 
1442–1452, https://doi.org/10.1111/j.1460-9568.2011.07863.x (2011).

 8. Kataoka, N., Hioki, H., Kaneko, T. & Nakamura, K. Psychological Stress Activates a Dorsomedial Hypothalamus-Medullary Raphe 
Circuit Driving Brown Adipose Tissue Thermogenesis and Hyperthermia. Cell metabolism, https://doi.org/10.1016/j.
cmet.2014.05.018 (2014).

 9. Nakamura, K. Neural circuit for psychological stress-induced hyperthermia. Temperature 2, 352–361, https://doi.org/10.1080/2332
8940.2015.1070944 (2015).

 10. Cox, B., Ennis, C. & Lee, T. F. The function of dopamine receptors in the central thermoregulatory pathways of the rat. 
Neuropharmacology 20, 1047–1051 (1981).

 11. Lee, T. F., Mora, F. & Myers, R. D. Dopamine and thermoregulation: An evaluation with special reference to dopaminergic pathways. 
Neuroscience & Biobehavioral Reviews 9, 589–598, https://doi.org/10.1016/0149-7634(85)90005-3 (1985).

 12. Faunt, J. E. & Crocker, A. D. The effects of selective dopamine receptor agonists and antagonists on body temperature in rats. 
European Journal of Pharmacology 133, 243–247 (1987).

 13. Ogren, S. O. & Fuxe, K. Apomorphine and pergolide induce hypothermia by stimulation of dopamine D-2 receptors. Acta 
Physiologica Scandinavica 133, 91–95 (1988).

 14. Chipkin, R. E. Effects of D1 and D2 antagonists on basal and apomorphine decreased body temperature in mice and rats. 
Pharmacology, Biochemistry & Behavior 30, 683–686 (1988).

 15. Seeman, P. & Schaus, J. M. Dopamine receptors labelled by [3H]quinpirol. e. Eur J Pharmacol 203, 105–109 (1991).
 16. Levant, B., Grigoriadis, D. E. & DeSouza, E. B. Characterization of [3H]quinpirole binding to D2-like dopamine receptors in rat 

brain. J Pharmacol Exp Ther 262, 929–935 (1992).
 17. Ootsuka, Y., Heidbreder, C. A., Hagan, J. J. & Blessing, W. W. Dopamine D(2) receptor stimulation inhibits cold-initiated 

thermogenesis in brown adipose tissue in conscious rats. Neuroscience 147, 127–135 (2007).
 18. Ootsuka, Y. & Mohammed, M. Activation of the habenula complex evokes autonomic physiological responses similar to those 

associated with emotional stress. Physiological reports 3, https://doi.org/10.14814/phy2.12297 (2015).
 19. Ootsuka, Y., Mohammed, M. & Blessing, W. W. Lateral habenula regulation of emotional hyperthermia: mediation via the medullary 

raphé. Scientific Reports 7, 4102, https://doi.org/10.1038/s41598-017-04173-y (2017).
 20. Brizuela, M., Swoap, S. J., Ang, J., Blessing, W. W. & Ootsuka, Y. Neurons in ventral tegmental area tonically inhibit sympathetic 

outflow to brown adipose tissue: possible mediation of thermogenic signals from lateral habenula. American journal of physiology. 
Regulatory, integrative and comparative physiology 316, R6–r12, https://doi.org/10.1152/ajpregu.00256.2018 (2019).

 21. Morrison, S. F. & Madden, C. J. Central nervous system regulation of brown adipose tissue. Comprehensive Physiology 4, 1677–1713, 
https://doi.org/10.1002/cphy.c140013 (2014).

https://doi.org/10.1038/s41598-019-56125-3
https://doi.org/10.1080/23328940.2015.1056907
https://doi.org/10.1002/cphy.c150034
https://doi.org/10.1152/ajpregu.00475.2013
https://doi.org/10.1111/j.1460-9568.2011.07863.x
https://doi.org/10.1016/j.cmet.2014.05.018
https://doi.org/10.1016/j.cmet.2014.05.018
https://doi.org/10.1080/23328940.2015.1070944
https://doi.org/10.1080/23328940.2015.1070944
https://doi.org/10.1016/0149-7634(85)90005-3
https://doi.org/10.14814/phy2.12297
https://doi.org/10.1038/s41598-017-04173-y
https://doi.org/10.1152/ajpregu.00256.2018
https://doi.org/10.1002/cphy.c140013


9Scientific RepoRtS |         (2019) 9:19512  | https://doi.org/10.1038/s41598-019-56125-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 22. Brown, P. L. et al. Habenula-Induced Inhibition of Midbrain Dopamine Neurons Is Diminished by Lesions of the Rostromedial 
Tegmental Nucleus. The Journal of neuroscience: the official journal of the Society for Neuroscience 37, 217–225, https://doi.
org/10.1523/jneurosci.1353-16.2016 (2017).

 23. Ji, H. & Shepard, P. D. Lateral habenula stimulation inhibits rat midbrain dopamine neurons through a GABA(A) receptor-mediated 
mechanism. The Journal of neuroscience: the official journal of the Society for Neuroscience 27, 6923–6930, https://doi.org/10.1523/
jneurosci.0958-07.2007 (2007).

 24. Matsumoto, M. & Hikosaka, O. Lateral habenula as a source of negative reward signals in dopamine neurons. Nature 447, 
1111–1115, https://doi.org/10.1038/nature05860 (2007).

 25. Ootsuka, Y. et al. Brown adipose tissue thermogenesis heats brain and body as part of the brain-coordinated ultradian basic rest-
activity cycle. Neuroscience 164, 849–861, https://doi.org/10.1016/j.neuroscience.2009.08.013 (2009).

 26. Blessing, W., Mohammed, M. & Ootsuka, Y. Heating and eating: brown adipose tissue thermogenesis precedes food ingestion as part 
of the ultradian basic rest-activity cycle in rats. Physiol Behav 105, 966–974, https://doi.org/10.1016/j.physbeh.2011.11.009 (2012).

 27. Blessing, W. W., Blessing, E. M., Mohammed, M. & Ootsuka, Y. Clozapine, chlorpromazine and risperidone dose-dependently 
reduce emotional hyperthermia, a biological marker of salience. Psychopharmacology (Berl), https://doi.org/10.1007/s00213-017-
4710-x (2017).

 28. Blessing, W. W. & Ootsuka, Y. Activation of dopamine D2 receptors in the CNS inhibits sympathetic cutaneous vasomotor alerting 
responses (SCVARs), contributing to clozapine’s SCVAR-inhibiting action. Progress in Neuro-Psychopharmacology & Biological 
Psychiatry 31, 328–336 (2007).

 29. Ootsuka, Y. & McAllen, R. M. Comparison between two rat sympathetic pathways activated in cold defense. American journal of 
physiology. Regulatory, integrative and comparative physiology 291, R589–595, https://doi.org/10.1152/ajpregu.00850.2005 (2006).

 30. Volkow, N. D., Wise, R. A. & Baler, R. The dopamine motive system: implications for drug and food addiction. Nature reviews. 
Neuroscience 18, 741–752, https://doi.org/10.1038/nrn.2017.130 (2017).

 31. Bourdy, R. & Barrot, M. A new control center for dopaminergic systems: pulling the VTA by the tail. Trends in neurosciences 35, 
681–690, https://doi.org/10.1016/j.tins.2012.06.007 (2012).

 32. Goncalves, L., Sego, C. & Metzger, M. Differential projections from the lateral habenula to the rostromedial tegmental nucleus and 
ventral tegmental area in the rat. The Journal of comparative neurology 520, 1278–1300, https://doi.org/10.1002/cne.22787 (2012).

 33. Doan, K. V. et al. FoxO1 in dopaminergic neurons regulates energy homeostasis and targets tyrosine hydroxylase. Nat Commun 7, 
12733, https://doi.org/10.1038/ncomms12733 (2016).

 34. Kim, K. S. et al. Enhanced Hypothalamic Leptin Signaling in Mice Lacking Dopamine D(2) Receptors. The Journal of Biological 
Chemistry 285, 8905–8917, https://doi.org/10.1074/jbc.M109.079590 (2010).

 35. Allison, D. B. et al. Antipsychotic-induced weight gain: a comprehensive research synthesis. The American journal of psychiatry 156, 
1686–1696, https://doi.org/10.1176/ajp.156.11.1686 (1999).

 36. Javoy-Agid, F. & Agid, Y. Is the mesocortical dopaminergic system involved in Parkinson disease? Neurology 30, 1326–1330, https://
doi.org/10.1212/wnl.30.12.1326 (1980).

 37. Alberico, S. L., Cassell, M. D. & Narayanan, N. S. The Vulnerable Ventral Tegmental Area in Parkinson’s Disease. Basal ganglia 5, 
51–55, https://doi.org/10.1016/j.baga.2015.06.001 (2015).

 38. Caminiti, S. P. et al. Axonal damage and loss of connectivity in nigrostriatal and mesolimbic dopamine pathways in early Parkinson’s 
diseas. e. NeuroImage. Clinical 14, 734–740, https://doi.org/10.1016/j.nicl.2017.03.011 (2017).

 39. Dymecki, J., Lechowicz, W., Bertrand, E. & Szpak, G. M. Changes in dopaminergic neurons of the mesocorticolimbic system in 
Parkinson’s diseas. e. Folia neuropathologica 34, 102–106 (1996).

 40. Levi, S., Cox, M., Lugon, M., Hodkinson, M. & Tomkins, A. Increased energy expenditure in Parkinson’s disease. BMJ: British 
Medical Journal 301, 1256–1257 (1990).

 41. Kashihara, K. Weight loss in Parkinson’s diseas. e. Journal of Neurology 253, vii38–vii41, https://doi.org/10.1007/s00415-006-7009-0 
(2006).

 42. Ma, K. et al. Weight Loss and Malnutrition in Patients with Parkinson’s Disease: Current Knowledge and Future Prospects. Frontiers 
in Aging Neuroscience 10, 1, https://doi.org/10.3389/fnagi.2018.00001 (2018).

 43. Capecci, M. et al. Rest energy expenditure in Parkinson’s disease: Role of disease progression and dopaminergic therapy. 
Parkinsonism & Related Disorders 19, 238–241, https://doi.org/10.1016/j.parkreldis.2012.10.016 (2013).

 44. Montaurier, C. et al. Mechanisms of body weight gain in patients with Parkinson’s disease after subthalamic stimulation. Brain: a 
journal of neurology 130, 1808–1818, https://doi.org/10.1093/brain/awm113 (2007).

 45. Manson, A. J., Turner, K. & Lees, A. J. Apomorphine monotherapy in the treatment of refractory motor complications of Parkinson’s 
disease: Long-term follow-up study of 64 patients. Movement Disorders 17, 1235–1241, https://doi.org/10.1002/mds.10281 (2002).

 46. Sumida, K. et al. Intraventricular cerebrospinal fluid temperature analysis using MR diffusion-weighted imaging thermometry in 
Parkinson’s disease patients, multiple system atrophy patients, and healthy subject. s. Brain and behavior 5, e00340, https://doi.
org/10.1002/brb3.340 (2015).

 47. Rango, M. et al. Abnormal brain temperature in early-onset Parkinson’s disease. Movement disorders: official journal of the Movement 
Disorder Society 31, 425–426, https://doi.org/10.1002/mds.26548 (2016).

 48. Antonio-Rubio, I. et al. Abnormal thermography in Parkinson’s disease. Parkinsonism Relat Disord 21, 852–857, https://doi.
org/10.1016/j.parkreldis.2015.05.006 (2015).

Acknowledgements
We thank Ms Melissa Cox for technical assistance. This research was supported by the National Health and 
Medical Research Council (110167).

Author contributions
Y.O. and W.B. designed the research. M.B. and A.A. performed experiments. A.A., M.B. and Y.O. analysed data. 
M.B. drafted the manuscript, Y.O. and W.B. revised and finalized it.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.O.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-56125-3
https://doi.org/10.1523/jneurosci.1353-16.2016
https://doi.org/10.1523/jneurosci.1353-16.2016
https://doi.org/10.1523/jneurosci.0958-07.2007
https://doi.org/10.1523/jneurosci.0958-07.2007
https://doi.org/10.1038/nature05860
https://doi.org/10.1016/j.neuroscience.2009.08.013
https://doi.org/10.1016/j.physbeh.2011.11.009
https://doi.org/10.1007/s00213-017-4710-x
https://doi.org/10.1007/s00213-017-4710-x
https://doi.org/10.1152/ajpregu.00850.2005
https://doi.org/10.1038/nrn.2017.130
https://doi.org/10.1016/j.tins.2012.06.007
https://doi.org/10.1002/cne.22787
https://doi.org/10.1038/ncomms12733
https://doi.org/10.1074/jbc.M109.079590
https://doi.org/10.1176/ajp.156.11.1686
https://doi.org/10.1212/wnl.30.12.1326
https://doi.org/10.1212/wnl.30.12.1326
https://doi.org/10.1016/j.baga.2015.06.001
https://doi.org/10.1016/j.nicl.2017.03.011
https://doi.org/10.1007/s00415-006-7009-0
https://doi.org/10.3389/fnagi.2018.00001
https://doi.org/10.1016/j.parkreldis.2012.10.016
https://doi.org/10.1093/brain/awm113
https://doi.org/10.1002/mds.10281
https://doi.org/10.1002/brb3.340
https://doi.org/10.1002/brb3.340
https://doi.org/10.1002/mds.26548
https://doi.org/10.1016/j.parkreldis.2015.05.006
https://doi.org/10.1016/j.parkreldis.2015.05.006
http://www.nature.com/reprints


1 0Scientific RepoRtS |         (2019) 9:19512  | https://doi.org/10.1038/s41598-019-56125-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-56125-3
http://creativecommons.org/licenses/by/4.0/

	Activating dopamine D2 receptors reduces brown adipose tissue thermogenesis induced by psychological stress and by activati ...
	Experimental Procedures
	Ethics approval. 
	Surgical procedure for conscious rats. 
	Recording of physiological parameters, drug administration and the intruder-stress model. 
	Anaesthetized experiments. 
	Histological confirmation of brain injection sites. 
	Data analysis. 
	Drugs. 

	Results
	Studies in conscious rats. 
	Effect of quinpirole on intruder-elicited increases in BAT and body temperatures, and behavioural activity. 
	Effects of pre-treatment with the dopamine D1 antagonist SCH-23390 and the dopamine D2 antagonist spiperone on quinpirole’s ...

	Studies in anesthetized rats. 
	Effects of quinpirole on BAT sympathetic nerve discharge induced by activation of the medullary raphé. 
	Effects of quinpirole on BAT sympathetic nerve discharge induced by activation of the LHb. 


	Discussion
	Conclusion
	Acknowledgements
	Figure 1 Counterbalanced design of intraperitoneal quinpirole injection for conscious experiments in rats.
	Figure 2 Group data (mean ± SEM) from the quinpirole dose-response experiment.
	Figure 3 Group results (mean ± SEM) of the effect of vehicle or quinpirole administration on intruder-elicited changes in BAT and body temperature.
	Figure 4 Group data (mean ± SEM) from dopamine receptor antagonist experiments.
	Figure 5 Group results (mean ± SEM) of the effect of quinpirole (250 µg/kg i.
	Figure 6 Effect of quinpirole injection (25 µg/kg i.
	Figure 7 Quantitative analysis of drug effects after bicuculline injection into the medullary raphé injection or the LHb, and subsequent quinpirole injection (i.




