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Abstract
We recently discovered that inhibiting neurons in the dorsomedial hypothalamus (DMH)
attenuated hyperthermia, tachycardia, hypertension, and hyperactivity evoked by the substituted
amphetamine 3, 4-methylenedioxymethamphetamine (MDMA). Neurons that synthesize orexin
are also found in the region of the DMH. As orexin and its receptors are involved in the regulation
of heart rate and temperature, they would seem to be logical candidates as mediators of the effects
evoked by amphetamines. The goal of this study was to determine if blockade of orexin-1
receptors in conscious rats would suppress cardiovascular and thermogenic responses evoked by a
range of methamphetamine (METH) doses. Male Sprague-Dawley rats (n=6 per group) were
implanted with telemetric transmitters measuring body temperature, heart rate, and mean arterial
pressure. Animals were randomized to receive pretreatment with either the orexin-1 receptor
antagonist SB-334867 (10 mg/kg) or an equal volume of vehicle. Thirty min later animals were
given intraperitoneal (i.p.) injections of either saline, a low (1 mg/kg), moderate (5 mg/kg) or high
(10 mg/kg) dose of METH. Pretreatment with SB-334867 significantly attenuated increases in
body temperature and mean arterial pressure evoked by the moderate but not the low or high dose
of METH. Furthermore, animals treated with SB-334867, compared to vehicle, had lower
temperature and heart rate increases after the stress of an i.p. injection. In conclusion, temperature
and cardiovascular responses to a moderate dose of METH and to stress appear to involve
orexin-1 receptors. The failure to affect a low and a high dose of METH suggests a complex
pharmacology dependent on dose. A better understanding of this may lead to the knowledge of
how monoamines influence the orexin system and vice versa.
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1. Introduction
Methamphetamine (METH) abuse and its complications are global epidemics [1]. METH
causes a number of medical problems including myocardial infarction [2], ischemic and
hemorrhagic strokes [3], and in some cases fatal hyperthermia [4]; further contributing to
these complications, amphetamines also increase heart rate and blood pressure [5].
Amphetamine-toxicity is thought to result from increases in extracellular concentrations of
monoamines. While all amphetamines are potent releasers and reuptake inhibitors of
norepinephrine, they differ in their effects on serotonin and dopamine: Amphetamine and
METH predominantly affect dopamine release and reuptake while the substituted
amphetamines (e.g., 3,4-methylenedioxmethamphetamine [MDMA]) have greater effects on
the release and reuptake of serotonin [6, 7]. Once released, monoamines influence the
release of other neurotransmitters[8, 9]), including other monoamines [7, 10]. In addition,
amphetamines affect several neuropeptides (e.g., cocaine- and amphetamine-regulated
transcript[11], dynorphin[12], and orexin [13, 14]). Of these, orexin holds particular promise
in participating in the acute physiologic responses to amphetamines.

The orexin peptides (orexin-A and orexin-B) and their receptors have been implicated in the
regulation of feeding [15], wakefulness [16], heart rate [17–19], locomotion [20], and body
temperature [21, 22]—systems that are also affected by amphetamines. The orexin peptides
exert their effects by binding to two G-protein-coupled receptors, OX1 and OX2: orexin-A
binds to OX1 and OX2 receptors with equal affinity while orexin-B binds mainly to OX2
receptors[23]. Of the two peptides, orexin-A evokes sympathetic responses similar to those
produced by amphetamines: Central injections of orexin-A increase sympathetic nerve
activity to, and temperature of, interscapular brown adipose tissue (iBAT); core body
temperature; plasma epinephrine; and heart rate [17, 21, 22, 24–29]. Of the two receptors,
OX1 receptors have been linked to stress and thermoregulation [18, 30, 31].

A unique aspect of orexin is that is only synthesized within a discreet area of the
hypothalamus—the dorsomedial hypothalamus (DMH)[32, 33]. This is a brain region that
has been shown to be involved in the physiologic responses elicited by the substituted
amphetamine MDMA [34]; microinjections of muscimol, a GABAA agonist, into the DMH
significantly attenuated tachycardia, hyperthermia, hypertension, and hyperactivity produced
by an intravenous dose of MDMA. As MDMA is structurally similar to METH, and evokes
similar physiologic responses, it follows that neurons in the DMH may also be involved in
these responses. It has been previously shown that METH increases the expression of c-Fos
(a marker of neuronal activation) in orexin-synthesizing neurons in the region of the
DMH[14].

These data collectively suggest that orexin and OX1 receptors maybe involved in the central
mechanisms mediating METH-evoked responses. Therefore, we hypothesized that OX1
receptors play a critical role in hyperthermia and cardiovascular responses evoked by
METH. To test this hypothesis, we examined the effects of pretreatment with SB-334867, an
OX1 receptor antagonist, on physiological responses evoked by METH in conscious rats.

2. Methods
2.1 Animals and surgery

All procedures conformed to guidelines set forth by the NIH and were approved by the
Indiana University School of Medicine’s Animal Care and Use Committee. Male Sprague-
Dawley rats (328g ± 10 g) from Harlan (Indianapolis, IN) were maintained in 12-h light–
dark cycle (lights on at 7 am) in single housed cages and fed ad libitum. All experiments
were performed at an ambient temperature between 24 and 25°C and at a humidity between
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30% and 50%. A total of 64 animals (16 for the dose response and 48 for the orexin studies)
were used for this study.

For the measurement of temperature, heart rate, and blood pressure all rats were implanted
with telemetric transmitters (PXT, Transoma Med, St.Paul, MN) as previously described
[31, 35]. Briefly, animals were anesthetized with a mixture of ketamine-xylazine (80 mg/kg
ketamine and 11.5 mg/kg xylazine), with supplements administered as needed to maintain
anesthesia. The body of the transmitter was placed in the intraabdominal cavity and the
pressure transducer inserted into the abdominal aorta through the right femoral artery. The
transmitter was fixed in place by suturing it to the abdominal wall musculature. All animals,
for which data are reported, remained in good health throughout the course of their surgery,
recovery, and prior to any experimental protocols as assessed by coat and grooming,
posture, response to stimuli, and maintenance of body weight. In fact, there were no
differences between the mean body weights of animals between any of the experimental
groups (F7,47 =1.93, p=0.09). On the day of the experiment animals were brought to the
laboratory and their home cage was placed on top of a telemetric radio receiver in an
experimental room where animals were left undisturbed for at least 60 min prior to any
injections. The rooms are separate from the main laboratory and are free from human traffic
and extraneous noise. Animals remained alone in their home cages throughout the entire
study.

2.2 Drugs
The orexin-1 receptor antagonist SB-334867 (Tocris Bioscience, Ellisville, MO) was
prepared immediately before injection by dissolving 10 mg of SB-334867 in 40 µl DMSO,
60 µl of 1M HCl, and 900 µl of 10% 2-hydroxypropyl-β-cyclodextrin (Sigma–Aldrich, St.
Louis, MO) in saline. This resulted in a clear yellow solution without evidence of
flocculation. The vehicle was prepared the same way without drug. METH (Sigma–Aldrich)
was dissolved in sterile saline.

2.3 Experimental protocol: METH dose response
Rats were randomly assigned to groups and received only one treatment. Once acclimated,
rats were given an intraperitoneal (i.p) injection of either saline or one of three doses of
METH: low (1mg/kg), moderate (5 mg/kg), or high (10 mg/kg). Data were recorded
throughout the protocol (acclimation period to 180 min after METH injections).

2.4 Experimental protocol: The effect of SB-334867 on METH-evoked responses
Rats were randomly assigned to groups and received only one treatment. After acclimating,
rats received i.p. injections of either vehicle or SB-334867 (10 mg/kg) followed 30-min later
by i.p injections of either saline or METH (1 mg/kg, 5 mg/kg, or 10 mg/kg). The dose of
SB-334867 used in this study is based on the paper by Sholblock et al which reported that a
subcutaneous dose of 10 mg/kg resulted in an OX1 receptors occupancy of 85% [36]. Higher
doses of SB-334867 have been associated with abnormal behaviors [36, 37], which are
thought to be unrelated to actions at orexin receptors. As the range of METH doses that
humans abuse is very wide (a single “hit” of crystal METH is ~250 mg) we likewise
included a range of METH doses (1 mg/kg, 5 mg/kg, 10 mg/kg)[38]. For convenience we
will refer to these doses as low, moderate, and high in this text.

Physiological parameters were recorded every minute for 60 min before injection of
SB-334867 or vehicle and for at least 180 min after administration of METH or saline.
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2.5. Data analysis
Statistical analyses of physiologic parameters were performed using SPSS for Windows
(Version 19, IBM, Armonk, NY). The mean changes from baseline for each group following
injection of METH, or saline, were analyzed by analysis of variance (ANOVA). When the F
value indicated a significant difference between groups (p<0.05) post hoc comparisons were
done using Tukey’s HSD test. After we analyzed the group data it was noted that, compared
to vehicle alone, animals pretreated with SB334867 had lower body temperatures and heart
rates prior to the injection of METH or saline. As i.p. injections represent a type of stress-
induced-hyperthermia [39, 40] we decided to do a separate post hoc analysis of effects of
pretreatment alone. In this analysis we compared the 30-min (between −30 min and time 0)
mean temperature responses of rats pretreated with SB334867 with those pretreated with
vehicle. A Student-T test was used to determine if the groups were different. Data for all
these and all the analyses were plotted using Prizm (GraphPad Software Inc., La Jolla, CA).

3. Results
3.1 METH increases temperature, heart rate, and blood pressure in a dose-dependent
manner

Similar to what others have reported[41], we found that the effects of METH on body
temperature were dependent on the dose (Fig. 1). At the highest dose tested, METH evoked
a robust and rapid hyperthermia with temperatures increasing 2°C within 60 min of
administration followed by a temperature decline from 90 to 155 min, then a plateau through
to the end of the recording period. A low dose of METH increased body temperature ~ 1°C
with the peak occurring 90 min after injection and then declining to control levels by the end
of the recording period. A moderate METH dose, similar to a low dose, increased body
temperature by ~ 1°C but the peak temperature did not occur until the end of the 180 min
monitoring period without evidence of decline. Similar to temperature, the effect on heart
rate did not follow a linear dose-response curve. Rather, the greatest effect on heart rate was
evoked by a moderate dose of METH, followed by the high and then low doses. Unlike
temperature, peak heart rates for each dose occurred at approximately the same time after
administration (~90 min). Meth evoked nearly identical increases in mean arterial pressure
at the high and moderate doses, while the low dose had no effect compared to saline.

3.2 SB-334867 decreases responses to a moderate but not a low or high dose of METH
While animals treated with SB-334867 had a lower mean increase in body temperature after
a low dose of METH, as compared to the vehicle-treated animals, these differences did not
reach the level of statistical significance (p=0.16). Likewise, SB-334867 had no effect on
tachycardia or hypertension evoked by a low dose of METH (Fig. 2).

SB-334867 significantly attenuated temperature and blood pressure responses to a moderate
dose of METH (Fig. 3). Compared to vehicle-treated animals, SB-334867 did not
significantly attenuate METH-induced increases in heart rate (p=0.16). Although not
specifically noted in Fig. 3, heart rate increases were significantly greater in the Vehicle/
Meth group compared to the Vehicle/Saline group (p=0.017).

Increases in temperature, heart rate, and mean arterial pressure evoked by the high dose of
METH were nearly identical between rats pretreated with vehicle or SB-334867 (Fig. 4).

3.3 SB-334867 prevents stress-evoked hyperthermia and tachycardia
The design of our experiment allowed for an additional post hoc analysis beyond that
addressing the primary hypothesis. Since prior to the injection of METH or saline each
animal had received either SB-334867 or vehicle we were able to investigate the role of OX1
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receptors on the “stress” responses evoked by the procedure involved in administering an
i.p. injection (i.e., picking the animal up by the tail followed by the injection itself). As can
be seen in Fig. 5, SB-334867 significantly attenuated the increases in both temperature and
heart rate, but not mean arterial pressure, seen after i.p. injections.

4. Discussion
The current findings demonstrate that the orexin-1 receptor antagonist SB-334867 attenuates
temperature and blood pressure responses produced by a moderate but not a low or high
dose of METH. Furthermore, we show that SB-334867 decreases temperature and heart rate
response provoked by an i.p. injection. When viewed in the light of previous work, our data
highlights the complex systems involved in mediating responses to amphetamines and
stress. Furthermore, our data illustrates the importance of studying a range of doses when
conducting experiments with METH.

Recently, Phelps et al. conducted a comprehensive dose response study on the changes in
temperature and behavior produced by METH [41]. In this study they demonstrated that
temperature responses do not follow a simple linear relationship. In regard to onset of
temperature increases, they showed that high doses caused an immediate rise, low doses a
more delayed rise, and intermediate doses the most delayed rise. We showed similar
responses to the three doses of METH tested (Fig. 1). We also showed that cardiovascular
responses to METH do not follow a simple pattern; this has been previously reported
although with lower doses (0.1 to 3.0 mg) [42]. Our results suggest that METH’s
pharmacology is multifaceted, and the role that orexin plays in temperature and
cardiovascular responses is dependent on the dose.

While studies employing c-fos have shown that METH activates orexin neurons [14], no
pharmacologic studies to date have demonstrated that orexin is involved in mediating
responses to METH. Our findings, that SB-334867 only affected responses elicited by a
moderate dose of METH points to a complex interaction between monoamines and orexin
neurons. While amphetamines increase the release of monoamines at nerve terminals, orexin
neurons project to, and excite monoaminergic synthesizing neurons—noradrenergic,
serotonergic, and dopaminergic [43–47]. In addition, monoamines have been shown to
inhibit orexin-synthesizing neurons thereby providing a putative feedback loop [48–52].
Further complicating matters, norepinephrine and dopamine can, under certain conditions,
excite orexin neurons [49, 53–55]. The pharmacologic conditions produced by a moderate
dose of METH may reflect another unique condition in which orexin neurons are excited by
monoamines. It is of particular interest that SB-334867 seemed to preferentially affect
METH responses occurring after 60 min (Fig. 4), a time point well after extracellular levels
of monoamines have peaked from a moderate doses of METH [56, 57]. As peptides such as
orexin have relatively long half-lives and may diffuse throughout the CNS [58], it is
plausible that orexin-dependent effects may not be seen until after monamine levels have
peaked. If true, responses to amphetamines may involve at least two distinct pharmacologic
phases: an initial phase corresponding with the rise and peak of extracellular monoamines,
and a later phase involving orexin. If true, it is not clear why SB-334867 failed to decrease
temperature responses evoked by a high dose of METH. One possibility is that orexin-
mediated effects at these high doses of METH occur at time-points when serum levels of
SB-334867 have fallen below those needed to be effective; the half-life of SB334867 is
reported to be 2–4 hr[37]. It is also possible that high doses of amphetamines contribute to
hyperthermia by working through non-monoaminergic or orexinergic mediated pathways
(e.g., binding directly to peripheral adrenergic receptors). Further research is needed to
explore these possibilities.
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In addition to affecting METH responses, SB-334867 reduced temperature and heart rate
responses seen after i.p. injections. As the vehicle in this study may have effects on body
temperature independent of those elicited by a simple i.p. injection of saline (an accepted
model of stress-induced hyperthermia[39, 40]), we can cannot definitely say that reductions
in temperature and heart rate in the SB-334867 treated group, compared to vehicle, were the
result of decreasing the stress of the injection procedure or by reducing a previously
unstudied thermogenic response mediated by vehicle itself. Previous work by others,
however, supports our contention that SB-334867 reduces experimental stress. Inhibiting the
DMH, where many orexin neurons reside, decreases the acute physiologic and endocrine
responses to a variety of stressors [59, 60]. That some of the relevant neurons in the DMH
may be orexinergic is also supported by immunohistochemical studies showing that
immobilization and foot-shock stressors increase c-Fos expression in orexin neurons [61,
62]. In addition, the administration of an orexin-1 receptor antagonist blocks the increases in
plasma concentrations of ACTH resulting from immobilization stress [18]. Emotional
stressors also appear to involve orexin neurons as orexin-knockout mice have decreased
blood pressure and heart rate responses to an intruder (intruder stress) [63]. Despite these
findings, cardiovascular responses to a tail pinch do not appear to involve orexin receptors;
compared to wild-type, orexin-knockout mice have similar increases in heart rate and blood
pressure after a tail pinch [63]. These data suggest that orexin neurons in the region of the
DMH play an important role in the cardiovascular and temperature response to a variety of,
but not all, stressors.

In conclusion, orexin-1 receptors appear to play a role in temperature and cardiovascular
responses evoked by a moderate dose of METH and by stress. A better understanding of
when and how the orexin system is activated by these conditions may help direct future
therapies targeting the deleterious effects of amphetamines and stress.

Highlights

• METH has complex dose dependent temperature and cardiovascular responses

• SB-334867 attenuated temperature and blood pressure responses to a moderate
dose of METH

• SB-334867 had no effect on responses evoked by a low or high dose of METH

• SB-334867 attenuated temperature and heart rate responses to the stress of an
i.p. injection
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Fig. 1. Increases in temperature, heart rate, and blood pressure evoked by i.p. injections of saline
and three doses of METH (n=4 per group)
LEFT – The graphs represent the 10 min means for the corresponding doses of METH or
saline injected at time 0 (dotted vertical line). RIGHT – Each horizontal bar and number
represents the 180 min mean increases from baseline for each of the listed parameters after
injection of METH. The error bars represent 95% confidence intervals. A * symbol
represents a significant differences (p<0.05) compared to saline. A # symbol represents a
significant difference between that group and all others.
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Fig. 2. Effect of SB-334867 on the increases in body temperature and heart rate evoked by a low
(1mg/kg) dose of METH (n= 6 per group)
LEFT – The graphs represent the 10 min means for the treatment groups after administration
of SB-334867 or vehicle at t = −30 min (inj #1, dotted line) followed at t = 0 min (inj #2,
solid line) by METH or saline. RIGHT – Each horizontal bar and number represents the 180
min mean increases from baseline for each of the listed parameters after injection of METH
or saline. The error bars represent 95% confidence intervals.
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Fig. 3. Effect of SB-334867 on the increases in body temperature and heart rate evoked by a
moderate (5 mg/kg) dose of METH (n=6 per group)
LEFT – The graphs represent the 10 min means for the treatment groups after administration
of SB-334867 or vehicle at t = −30 min (inj #1, dotted line) followed at t = 0 min (inj #2,
solid line) by METH or saline. RIGHT - Each horizontal bar and number represents the 180
min mean increases from baseline for each of the listed parameters after injection of METH
or saline. The error bars represent 95% confidence intervals. The corresponding p-values are
given for those post-hoc analyses that showed significant differences between the
SB-3348678 and vehicle-treated METH groups.

Rusyniak et al. Page 12

Physiol Behav. Author manuscript; available in PMC 2013 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Effect of SB-334867 on the increases in body temperature and heart rate evoked by a high
(10 mg/kg) dose of METH (n=6 per group)
LEFT – The graphs represent the 10 min means for the treatment groups after administration
of SB-334867 or vehicle at t = −30 min (inj #1, dotted line) followed at t = 0 min (inj #2,
solid line) by METH or saline. RIGHT - Each horizontal bar and number represent the 180
min mean increases from baseline for each of the listed parameters after injection of METH
or saline. The error bars represent 95% confidence intervals.
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Fig. 5. Effect of SB-334867 on body temperature and heart rate associated with i.p. injections
(n=24 per group)
Each horizontal bar and number represent the mean increases in the measured parameter for
the 30 min period after an i.p. injection. The error bars represent 95% confidence intervals.
The p-values for t-tests between groups are listed when <0.05.
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