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State-dependent and environmental modulation
of brain hyperthermic effects of psychoactive
drugs of abuse

Eugene A Kiyatkin*

Behavioral Neuroscience Branch, National Institute on Drug Abuse - Intramural Research, Program, NIH, Baltimore, MD USA

Keywords: drugs of abuse, psychomotor stimulants, brain metabolism, cerebral heat production, vasoconstriction, cocaine, MDMA
(Ecstasy), active ingredients of “bath salts”, rave parties, drug-induced intoxication

Abbreviations: lv, intravenous; MDMA, 3, 4-methylenedioxymethamphetamine (Ecstasy); METH, methamphetamine; methylone,

3, 4-methylenedioxymethcathinone; MDPV, 3, 4-methylenedioxypyrovalerone; NAc, nucleus accumbens, sc, subcutaneous.

Hyperthermia is a known effect induced by psychomotor
stimulants and pathological hyperthermia is a prominent
symptom of acute intoxication with these drugs in humans. In
this manuscript, | will review our recent work concerning the
brain hyperthermic effects of several known and recently
appeared psychostimulant drugs of abuse (cocaine,
methamphetamine, MDMA, methylone, and MDPV).
Specifically, | will consider the role of activity state and
environmental conditions in  modulating the brain
temperature effects of these drugs and their acute toxicity.
Although some of these drugs are structurally similar and
interact with the same brain substrates, there are important
differences in their temperature effects in quiet resting
conditions and the type of modulation of these temperature
effects under conditions that mimic basic aspects of human
drug use (social interaction, moderately warm environments).
These data could be important for understanding the
potential dangers of each drug and ultimately preventing
adverse health complications associated with acute drug-
induced intoxication.

Introduction: Psychoactive Drugs of Abuse

In contrast to therapeutic psychoactive drugs, which are either
taken voluntarily or given by a medical professional to alleviate
specific pathological symptoms, modern people also take drugs
recreationally to induce desired psychoactive effects. The variety
and popularity of these drugs differ greatly, ranging from the

very “safe” consumption of caffeine-containing drinks to the
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compulsive intravenous injections of heroin, cocaine or metham-
phetamine (METH). While the desire to experience new,
unusual or pleasurable psychic effects is the initial drive for the
recreational use of most drugs, experience (i.e., repeated drug
intake) slowly adds another powerful contributor, a subjective or
physical discomfort of being without the drug, that promotes fur-
ther drug intakes.

Each psychoactive drug induces specific behavioral, physiolog-
ical and psycho-emotional effects, which vary significantly
depending upon the drug dose as well as the individual’s activity
state and the environmental conditions under which the drug is
taken. While some physiological effects of the drugs at low doses
mimic those induced by natural arousing stimuli, at higher doses
these effects could exceed the physiological range, resulting in
acute drug-induced intoxication and posing a significant risk for
human health. The drug dose is an obvious critical parameter for
inducing acute intoxication, but it also influenced by individual
responsiveness to the drug, previous drug experience, simulta-
neous use of other drugs, silent pre-existing pathology, and the
conditions under which the drug is taken.

In this review, I want to focus on the latter variable and con-
sider both the literature and our recent data which suggest that
both activity state and environmental conditions play a critical
role in modulating the physiological and behavioral effects of sev-
eral psychostimulant drugs of abuse. Some of these drugs (i.e.,
cocaine and methamphetamine or METH) have been known for
decades and exhibited up-and-down trends of popularity,
whereas other drugs like ecstasy (3,4-methylenedioxymetham-
phetamine or MDMA, “Molly”) and new synthetic cathinones
(as 3,4-methylenedioxymethcathinone or methylone and 3,4-
methylenedioxypyrovalerone or MDPV) became popular among
young adults in the last few years. Hyperthermia appears to be a
common physiological effect of all these drugs and extreme
hyperthermia is a typical symptom of acute intoxication with
amphetamine-like stimulants. As such, the focus will be on drug-
induced perturbations in temperature homeostasis with a special
emphasis on brain temperature as an important parameter that
not only reflects metabolic aspects of brain activity, but also
affects all forms of neural activity and neural functioning.'
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Brain Temperature

While it is traditionally believed that brain temperature in
healthy homeothermic organisms is stable and close to 37°C,
abundant data obtained in different animals suggest that rela-
tively large fluctuations in brain temperature occur during differ-
ent types of natural motivated behavior and following exposure
to various environmental challenges.”” By using miniature ther-
mocouple sensors chronically implanted in different brain struc-
tures and peripheral locations, we showed that hypothalamic
temperature in awake, freely moving male rats could fall to
~35°C during deep sleep'® and could phasically peak to
~39.5°C at time of ejaculation during copulatory behavior."'
These limits obviously define the range of “normal” brain tem-
perature fluctuations (~4°C) within the entire physiological
continuum.

While the recording of brain temperature in rats is a relatively
simple procedure, human data are limited and often restricted to
12-15 G-18 ¢

are still questionable with respect to their validity and accuracy.

neurological patients and indirect measurements'
Therefore, it is not yet definitely proven that similar, relatively
large brain temperature fluctuations could occur in healthy
humans. However, several observations suggest that this could be
the case. First, monkeys, which are much closer evolutionarily to
humans show robust physiological changes in brain temperature
similar to the range observed in rats.>>® Second, humans show
pathological hyperthermia (>40-41°C) during acute intoxication
by METH or MDMA,"?~*? also similar to the range seen in rats.
Finally, direct measurements from healthy human volunteers
suggest that brain temperatures (assessed by venous outflow)
could reach 39.5-40.0°C during a 30-min bicycle exercise when
they are wearing water-impermeable clothing®** that impaired
normal heat dissipation to the external environment. The physi-
cal and mental states of these volunteers at these high brain tem-
peratures remained within the normal range.

Basic Mechanisms Underlying Brain Temperature
Homeostasis

Brain temperature is determined by the balance of two oppos-
ing forces, which tend to either increase it by metabolism-related
intra-brain heat production or decrease it through heat dissipa-
tion by cerebral blood outflow to the rest of the body and then to
the external environment. The brain represents ~2% of body
weight in humans and accounts for ~20% of organism’s total
energy consumption.”>*® The heat continuously generated by
brain tissue is removed by cerebral circulation due to a tempera-
ture differential between arterial blood inflowing to the brain and
brain tissue.®*"?8

While it seems mechanistic, the cooling of an internal com-
bustion engine appears to be a good analogy to brain temperature
exchange. Similar to circulating coolant that continuously
removes heat from a working engine, cool, oxygenated arterial
blood removes heat from the brain via heat exchange and the
now warmed venous blood returns to the heart to be cooled and
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oxygenated again in the lungs. Such an arrangement determines
the critical role of cerebral blood flow in brain temperature
homeostasis and the essential inter-dependence of temperature in
the brain and the rest of the body. While brain temperature tends
to increase due to metabolism-related intra-brain heat produc-
tion, it also rises when brain-generated heat cannot be properly
dissipated to the body and then to the external environment.
Similarly, a decrease in cerebral metabolism tends to lower brain
temperature, but this effect could be strongly enhanced by
peripheral vasodilatation that promotes heat loss to a cooler envi-
ronment. Since most psychoactive drugs affect metabolism as
well as the state of peripheral and cerebral blood vessels, drug-
induced brain temperature responses should depend significantly
upon the ongoing organism’s state and the environmental condi-
tions. A drug at a certain dose could induce minimal temperature
effects under one set of environmental conditions, when adaptive
mechanisms of heat loss are fully effective. However, the same
drug at the same dose could induce pathological hyperthermia
when used in different environmental conditions when heat dissi-
pation mechanisms are significantly impaired. Since peripheral
vasodilatation and perspiration are powerful means for heat loss
in humans, drug-induced impairment of these adaptive mecha-
nisms could be a very important determinant of drug-induced
increases in brain and body temperatures.

State-Dependent Effects of Cocaine on Brain
Temperature

Cocaine is a widely used drug of abuse that acts on multiple
neural substrates localized both in the central and peripheral ner-
vous systems. Cocaine is a non-selective inhibitor of monoamine
reuptake and cocaine’s action on monoamine transporters, par-
ticularly the dopamine transporter, is usually viewed as the criti-
cal action in mediating its reinforcing properties.””*® Cocaine’s
action on uptake suggests that its effects should depend on the
ongoing activity of monoamine neurons and release of mono-
amines, both of which are affected by an organism’s functional
state. This modulatory, activity-dependent pattern of cocaine’s
action on monoamine systems as well as other multiple actions of
this drug in the brain and periphery (i.c., its interaction with
ionic channels of different subtypes) should be considered as a
whole to understand the highly variable physiological and behav-
ioral effects of this drug. Moreover, these effects also depend
upon the drug dose and route of administration. Since cocaine is
interesting primarily as a drug of abuse, the effects induced by
this drug in experimental animals should always be considered
with respect to the doses and routes of administration used by
humans. In contrast to animal research, when the effects of
cocaine are typically assessed under quiet resting conditions,
humans always self-administer this drug during high activity lev-
els when various physiological parameters are altered as a part of
motivated drug-seeking behavior. This psycho-physiological acti-
vation appears to be an essential force of cocaine-taking behavior
and it could dramatically alter the pharmacological effects of this
drug as seen in drug-naive, quietly resting animals.
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In our studies of cocaine, all measurements were conducted in
freely moving rats with thermocouple microsensors chronically
implanted in different brain structures and several peripheral
locations. Cocaine was delivered as an intravenous (iv) injection
at 1 mg/kg, a dose optimal for drug-self-administration in rats.*’
First, we examined how brain temperature is affected by cocaine
administered to quietly resting animals.’>*® Second, we exam-
ined the pattern of temperature fluctuations during cocaine self-
administration in drug-experienced, trained rats. > Finally, to
explore how the effects of cocaine are modulated by ongoing
behavior, we conducted a yoked control experiment, in which
cocaine was delivered passively at the dose/pattern that mimicked
its self-administration.>’

As shown in Figure 1, cocaine delivered to quietly resting rats
at 22-23°C (standard ambient temperature) induced moderate
temperature increases in nucleus accumbens (NAc) and temporal
muscle, a biphasic, down-up fluctuation in skin temperature (A),

and a strong locomotor activation (C). The temperature increase
in the NAc was always more rapid and stronger than in temporal
muscle that received the same arterial supply as the brain (B).
This difference (brain-muscle differential) was maintained for
~20 min post-injection, suggesting metabolic neural activation
and intra-brain heat production as a contributor to cocaine-
induced brain temperature elevation. Skin temperature decrease
is consistent with peripheral vasoconstriction, a known rapid
effect of cocaine following its iv administration. Since skin tem-
perature is also affected by the temperature of arterial blood,
exclusion of this factor (i.e. skin-muscle temperature differential)
revealed a powerful vasoconstrictive effect of cocaine that was
maintained for about an hour after iv drug administration (B).
Importantly, the pattern of temperature response induced by iv
cocaine under quiet resting conditions was qualitatively similar
to that induced by natural arousing stimuli such as a 3-min tail-
pinch; see Fig. 1D-F). Tail-pinch, which also induced locomotor

Cocaine 1 mg/kg, iv

Tail-pinch

NAcc temperature change,’C

—C— NAgcc-Muscle
—DO— Skin-Muscle

Temperature difference,°C

—0O— NAcc-Muscle
—O— Skin-Muscle

Locomotion, counts/min

30 40 50
Time, min

6 0 6 12

18 24 30 36 42 48 54 60
Time, min

ferent from baseline.

Figure 1. Changes in brain (NAc), temporal muscle and skin temperatures induced by iv injection of cocaine (1 mg/kg) and 3-min tail-pinch in
freely moving rats under quiet resting conditions. Top graphs (A) show relative changes in temperatures, middle graphs (B) show changes in NAc-
Muscle and Skin-Muscle temperature differentials and bottom graphs (C) show changes in locomotor activity. Filled symbols mark values significantly dif-
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Similar to natural arousing stimuli, the

A
o

y=22.40-0.59x r=-0.831***

Temperature increase (°C)

A hyperthermic effects of cocaine were
strongly dependent upon baseline tempera-
tures (Fig. 2A). When basal NAc tempera-
tures were low (35.5-37.0°C), cocaine
increased them strongly. The effect, how-
ever, became progressively weaker when
basal temperatures were higher [r =
—0.831, p < 0.001]. As shown by the
regression analysis, the effect disappeared at
~38°C suggesting that cocaine delivered at
brain temperatures higher than 38°C might
induce an opposite response — a decrease in
brain temperature. Although the correla-
tion was weaker, cocaine-induced locomo-
tor activation was also dependent on basal
brain temperature (Fig. 2B), being stronger

at lower NAc temperatures and weaker at
higher temperatures [r = —0.661, p < 0.01].

In contrast to the inversion of brain tempera-

40

30

20

10

ture response at high brain temperatures,
cocaine increased locomotor activity at high
brain temperatures but the response became
progressively weaker. These relationships are
also typical to various arousing stimuli (i.e.,
tail-pinch, social interaction) and they could
reflect the known “law of initial values” which
postulates that the magnitude and even direc-
tion of the autonomic response to the stimu-
lus depends on the pre-stimulus basal
values.>®

A strong dependence of cocaine’s effects
on brain temperature upon the behavioral
context of drug administration was evident
during self-administration behavior.>*** In
this case, the first cocaine self-injection of a

0 T T . T T T T T T !I
35.0 355 36.0

Movement activation (counts/min)

36.5 37.0 37.5 38.0 385
Basal NAcc temperature (°C)

session induced a strong increase in NAc
temperature (Fig 3A and B). This increase,
moreover, was preceded by an equally
strong temperature increase that occurred

after the trained rat was exposed to a
cocaine-related sensory cue that triggered

NAc temperature is close to 38°C.

Figure 2. Relationships between basal brain (NAc) temperature and its changes induced by
cocaine (1 mg/kg, iv) in freely moving rats (A). As can be seen, cocaine-induced NAc tempera-
ture increase (assessed as a peak value) was stronger when basal NAc temperatures were lower
and weaker when basal temperatures were higher (r = —0.831; p < 0.001). Cocaine-induced loco-
motor activation was also dependent upon basal NAc temperature (r = —0.661; p < 0.01) but cor-
relation was weaker in this case. Vertical line in (A) shows intersection of the regression line with
the line of no effect, suggesting that the hyperthermic effect of cocaine disappears when basal

drug-seeking behavior. This pre-injection
increase was fully absent before the first
passive cocaine injection in equally drug-
experienced rats (yoked control), suggesting
its association with behavior, but in this
case NAc temperatures similarly increased
after drug injection. In sharp contrast to

activation, increased brain and muscle temperatures and resulted
in a rapid down-up fluctuation in skin temperature (D and F).
Similar to cocaine, tail-pinch induced transient increases in
NAc-Muscle differential and a biphasic, down-up change in
skin-muscle differential. These changes, however, were less robust
and more transient than those seen with cocaine.

204 Temperature

the initial self-injection of a session, clear
biphasic fluctuations of much smaller magnitude (~0.1°C) were
typical of subsequent self-injections of the session when NAc
temperature stabilized at higher levels (A and C). In these cases,
NAc temperature gradually increased before the lever-press for
cocaine and transiently decreased after cocaine infusion. Despite
their relatively small magnitude, these biphasic fluctuations were

Volume 1 Issue 3



Cocaine self-administration
o <
JA © NAcc ] P b
38.5 o Muscle < 2 o B
w o [+
o - o
2‘ 38.0 1
2
u
8_ HETE
E
o
'_
37.0 1
36.5 T T T T T T T " T " T T
0 60 120 180 240 300 360 420
Time, min
Initial COC self-injection Regular COC self-injection Last COC self-injection
0.3 T T =
1 | —e— aclive
3 B : C :_'“_ passive
¢ 027 3 : )
o I |
z ! :
S 01+ i 4 i
2 ! | !
a8 i i !
T 00 =7 - DR
2 014 ' 1 i |
8 1 1 !
< : i 1
= i :
0.2 ! ; 1 : | ~—e— active
|—— 23?.32’ 2 i  —o— passive
43+t ———T ——rrr T
-300 240 180120 -60 O 60 120 1BD 240 300 | -300 -240-180-120 -60 0 60 120 180 24D 300 | 6 0 6 12 18 24 30 36 42 48 54 60
Time, s Time, s Time, min

Figure 3. Changes in brain (NAc) and temporal muscle temperatures during cocaine self-administration behavior in trained rats. (A) shows mean
(£SEM) values of absolute temperatures at each event of cocaine self-administration session. L+S, presentation of a light-sound cue. (B, C and D) show
rapid time-course dynamics of NAc temperatures associated with critical events of self-administration behavior (initial self-administration of a session;
“regular” self-injections, the last self-injection of a session). Close circles show data obtained from self-administering animals and open circles represent
data obtained from yoked-control rats. For clarity, standard errors are not shown in these graphs. The word “regular” refer to multiple self-injections
within a session and these mean data were obtained for all fifth, tenth, and fifteens injections. Original data of this study were reported in.>*3*

highly significant and occurred at higher and relatively stable
NAc temperatures (~38.5°C or ~1.0-1.5°C above initial base-
line; see A). As shown above with regression analysis (Fig. 2),
cocaine loses its ability to increase brain temperatures at these lev-
els. These biphasic fluctuations also occurred during repeated
passive cocaine injections, but they were half as large in magni-
tude (C). Therefore, these biphasic changes are determined not
only by behavior, but also reflect the superimposition of repeated
drug effects.

Interestingly, the post-injection decrease in NAc temperatures
began from 40-60 s after the start of both active and passive
cocaine injections, obviously reflecting the time necessary for the
drug to travel to the brain, cross the blood-brain barrier (BBB),
and diffuse to centrally located neural substrates. Although NAc
temperature rises for ~20 min after a single passive injection
(Fig 1A), trained rats self-administer this drug (at I mg/kg dose)
with a mean inter-injection interval of 7-8 min,>”
sequent injection occurs within the time of previous drug effect.
Finally, NAc temperature dynamics changed dramatically after

i.e., each sub-
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the last cocaine self-injection of a session when the lever was
blocked. In this case, NAc temperature increased again after a
transient decrease, correlating with rat’s attempt to activate the
blocked lever (Fig. 3D). This effect was seen only in behaving
animals and was absent in rats that received cocaine passively.
Therefore, this increase in brain temperature is primarily depen-
dent on a drug-seeking behavior.

Therefore, the effects of iv cocaine at a low, self-administering
dose on brain temperature are clearly state-dependent, showing
increases when the drug is passively administered during quiet
resting conditions at low basal temperatures and biphasic
responses (decreases followed by increases) when the drug is
self-administered at high pre-injection “basal” temperatures. This
state-dependency determines the appearance of biphasic, down-up
temperature fluctuations around relatively stable tonically elevated
temperature baselines. However, this behavior-associated pattern
appeared after inital self-injections of a session that shifted tem-
perature baseline to higher levels. Although these differences in
the effects of cocaine depend upon the behavioral context of drug
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administration, our yoked control data suggest that basic aspects  clearly demonstrated that the effects of cocaine that is self-admin-
of these differences are pharmacologically determined and related istered differ substantially from the effects of the same drug
to the super-imposition of repeated drug effects. Finally, this study ~ administered passively in quiet resting conditions.
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Figure 4. Changes in brain (NAcc) and temporal muscle temperatures induced by metham-
phetamine (9 mg/kg, sc) under quiet resting conditions at standard ambient temperatures
(A), during social interaction with female (B, activated conditions) and at moderately warm
ambient temperatures (29°C). (A, B) show mean (£SEM) changes in absolute temperatures and
(C) shows individual temperature responses in all tested rats. As can be seen, 4 of 6 rats tested died
during the experimental session and one more rat (No 1) died overnight.
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Brain Hyperthermia Induced by
Psychostimulant Drugs: State-
Dependency and Environmental
Modulation

METH and MDMA are widely used
psychomotor stimulant drugs of a similar
chemical structure. Both of these drugs
increase metabolism and induce hyper-

38-44 Which is believed to be an

thermia,
important contributor to pathological
changes associated with both acute intoxi-
cation with these drugs and their chronic
abuse.>*” Both METH and MDMA are
often considered “club drugs” that are
used by young adults under conditions of
physical and emotional activation typi-
cally in a warm and humid environment.
While the effects of any neuroactive drug
are modulated by environmental condi-
tions and specific activity states, these fac-
tors may be especially important for
METH and MDMA because, in addition
to metabolic activation, these drugs
induce peripheral vasoconstriction,**>°
thus diminishing heat dissipation from
body surfaces and enhancing heat accu-
mulation in the brain.

Our initial thermorecording studies
were focused on METH.”! To assess the
thermogenic effects of METH, we exam-
ined temperature changes in the NAcc,
hippocampus, and temporal muscle
induced in male rats by METH at differ-
ent doses (1-9 mg/kg, sc) under quiet
resting conditions at normal laboratory
temperatures (23°C). To examine how
the thermogenic effects of METH are
modulated by activity state and environ-
mental conditions that mimic some basic
aspects of human drug use, similar param-
eters were monitored when METH at a
higher dose (9 mg/kg) was administered
during social interaction with a female
(23°C) and at moderately warm ambient
temperatures (29°C). While most drug
experiments in rats are conducted at stan-
dard laboratory temperatures (22-23°C),
29°C used in our experiments is not a
true hot temperature and is within the
range of normothermy or a temperature
comfort in rats,””> where basal metabolism
is maintained at its lowest levels.
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As shown in Figure 4, METH (9 mg/kg, sc) administered in
quiet resting conditions strongly increased brain and muscle tem-
peratures (A). In contrast to moderate temperature increases
(~1°C) elicited by natural stimuli or cocaine at low, self-admin-
istering dose (see Fig. 1 above), METH-induced hyperthermia
was much stronger (3-4°C) and longer in its duration, exceeding
4-5 hours. Similar to that with natural arousing stimuli and
cocaine, the increase was more rapid and stronger in the NAc
than that in temporal muscle, pointing to metabolic brain activa-
tion (and intra-brain heat production) as the primary cause of
brain hyperthermia and a factor behind a more delayed and
weaker body hyperthermia. This change, however, was stronger
and much more prolonged than that induced by arousing stimuli
and cocaine. When METH was injected during social interaction
with another animal, it induced significantly stronger and more
prolonged increases in NAc and muscle temperatures (B). While
thermogenic effects of social interaction and METH were not
additive, under activated conditions NAc temperature was main-
tained above 40°C for about 90 min, while it only touched this
value under quiet resting conditions. However, the temperature
effects of METH were greatly potentiated by a slight increase in
ambient temperature (C). When administered at 29°C, METH
induced robust increases in NAc and muscle temperatures in all
animals, rising to clearly pathological values (>41-42°C) and
resulting in death of 5/6 animals within six hours post-injection.
A similar potentiation of hyperthermic effects by social interac-
tion and moderately warm environment was also found with
MDMA in our early study.’®

Although 9 mg/kg of METH used in our studies exceeds the
typical dose range used by humans, this dose corresponds to
only 1/6 of the LDsj in rats (49 mg/kg for ip injection, respec-
tively”*>°) and does not induce lethality under standard environ-
mental conditions. Therefore, the large LDs, determined in
healthy rats in quiet resting conditions in a standard laboratory
settings could be misleading and much smaller drug doses used
under specific environmental conditions could induce life-threat-
ening health complications, including lethality.

During recent years, there has been a rapid increase in the
abuse of synthetic cathinone analogs that are sold with innocuous
names such as “bath salts” or “plant food.””*>” Such products
were designed to circumvent the regulations controlling the sale
and use of psychoactive substances. Two very popular synthetic
cathinones are 3,4-methylenedioxymethcathinone (methylone)
and 3,4-methylenedioxypyrovalerone (MDPV).>® While low rec-
reational doses of synthetic cathinones enhance mood and
increase energy, high doses or chronic use can cause serious medi-
cal complications, including agitation, psychosis, tachycardia,
hyperthermia, and even death.’”*° Due to these risks, methylone
and MDPV have been classified as Schedule I controlled substan-
ces in the United States.

Methylone and MDPV are structurally similar to MDMA.
Like MDMA, methylone and MDPV exert their major effects by
interacting with monoamine transporter proteins in the central
and peripheral nervous systems.’® Methylone is a non-selective
transporter substrate that evokes the release of dopamine,
norepinephrine and serotonin, analogous to the effects of

www.landesbioscience.com
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MDMA.®""%® By contrast, MDPV is a potent transporter blocker
that inhibits the uptake of dopamine and norepinephrine, with
minimal effects on serotonin uptake.*®

Although robust increases in body temperature have been
reported during acute intoxication with both methylone®® and
MDPV,* the reported temperature effects of methylone
and MDPV in laboratory animals are limited and controversial,
varying according to species, dose, and experimental condi-
tions.*"”%7? MDPV is reported to cause hyperthermia in mice
(3-30 mg/kg, i.p.) but only under elevated ambient tempera-
ture.”! In rats, acute MDPV (1.0-5.6 mg/kg s.c.) has no effect
on core body temperature.”’

Since these drugs are structurally similar to MDMA, it was of
interest to compare the thermogenic effects of MDPV and meth-
ylone with those induced by MDMA and assess whether they are
equally affected by social interaction and moderately warm envi-
ronment. Therefore, we first examined the effects of these three
drugs at different doses on temperatures in the NAc, temporal
muscle, and facial skin in quiet resting conditions at standard
ambient temperatures (22°C). Then we examined the effect of
methylone, MDPV and MDMA on these measures during social
interaction (exposure to a conspecific male at 22-23°C) and at
increased ambient temperatures (29°C). By using this three-point
recording procedure we were able to assess how these drugs affect
intra-brain heat production (NAc-muscle differential) and skin
vascular tone (i.e., vasoconstriction/vasodilation; Skin-muscle
differential), two determining brain and body
hyperthermia.”>”

Figure 5 shows that MDMA, MDPV and methylone (9, 1

and 9 mg/kg, sc) each increase brain and muscle temperatures,

factors

rapidly decrease skin temperature, and induce locomotor activa-
tion. All these changes differed from a transient hyperthermic
effect of control saline injection that did not result in evident
motor response (a-c). While brain temperature increases induced
by all three drugs were approximately equal in its magnitude
(1.5-1.8°C), their time-course and duration differed in each case.
Methylone and MDMA induce prolonged temperature increases,
but the effect of MDPV was shorter and more rapid. Injections of
each drug induced rapid increases in NAc-Muscle differentials,
but this effect, suggesting metabolic brain activation and
enhanced intra-brain heat production, was clearly larger vs. saline
injection only with MDMA (k). Each drug also rapidly decreased
Skin-Muscle differential, suggesting cutaneous vasoconstriction;
this effect was about the same for each drug. Finally, all three
drugs induced locomotor activation; this effect was clearly the
greatest for MDPV.

To examine how the temperature effects of drugs are affected
by associated physiological activation, we examined temperature
dynamics during social interaction of two rats. Consistent with
our previous work with METH and MDMA,”"*? the introduc-
tion of a novel rat into the chamber occupied by the experimental
rat undergoing recording induced locomotor activation, a rapid,
strong rise in NAc and muscle temperatures (~1.5°C), and a brief
decrease in skin temperature that was rapidly transformed into a
more tonic, rebound-like increase (Fig. 6a-c). While the changes
in NAc and muscle temperatures were generally parallel, the rise
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moment of injection. Original data shown in this graph were reported in

Figure 5. Mean changes in brain (NAc), temporal muscle, and skin temperatures and locomotor responses induced by sc injections of methyl-
one (9 mg/kg), MDPV (1 mg/kg), MDMA (9 mg/kg), and saline in freely moving rats under quiet resting conditions. Top graphs show mean
(£SEM) values of absolute temperature changes; middle graphs show changes in NAc-Muscle and Skin-Muscle differentials; and bottom graphs show
mean (+£SEM) changes in locomotor activity. Filled symbols mark values significantly different from pre-injection baselines. Bold arrows mark the

was stronger and more rapid in the brain. This resulted in a signif-
icant increase in NAc-Muscle differentials that indicated metabolic
brain activation. Social interaction was also accompanied by a
strong decrease in Skin-Muscle temperature differentials, indicat-
ing stimulus-induced cutaneous vasoconstriction. While NAc-
Muscle differentials rapidly returned to baseline after the end of
the social interaction period, Skin-Muscle differentials increased
above baseline, suggesting a rebound vasodilation. All these physi-
ological parameters and locomotion showed consistent changes at
the start and end of the social interaction. A saline injection during
social interaction (4-10 min after its onset; black arrow in Fig. 6)
had no effect on the parameters above.

When instead of saline rats received methylone, temperature
differences were minimal, but the decreases in NAcc and muscle
temperatures and Skin-Muscle differentials after the end of social
interaction were more prolonged (Fig. 6d-f). Interestingly, the
combination of two hyperthermic effects (drug + social interac-
tion) did not result in their summation or potentiation. Mean
values of all parameters in the Methylone group did not differ
statistically from those seen with saline and with this drug used
under quiet resting conditions. For example, mean increase in
NAc temperature calculated for the entire 5-hour post-drug
interval as the area under the curve was maximal with methylone
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used under quiet resting conditions (1.124+0.23°C) and even
slightly lower when methylone was used during social interaction
(0.88+0.18°C, no significant change).

Similar to methylone, injection of MDPV delayed brain and
muscle temperature decreases after social interaction (Fig. 6g-i).
However, in contrast to methylone, changes were more robust
and mean NAc temperature increase during social interaction
(1.91+£0.18°C) was significantly larger than those seen with this
drug during quiet rest (0.7940.25°C; p<0.01). The “pure”
effect of MDPV (difference vs. saline control for each condition)
was also clearly amplified when drug was administered during
social interaction (1.38°C vs. 0.74°C). In contrast to methylone,
MDPV also potentiated increases in NAc-Muscle differentials
and decreases in skin-muscle differendals, suggesting a relatively
weak potentiation of metabolic and vasoconstrictive effects of
this drug used during physiological activation.

The most robust changes in hyperthermic effects were found
with MDMA used during social interaction (Fig. 6j-1). In this
case, mean NAc temperatures at their peak exceed 39°C and
response was most prolonged, exceeding the 5-hr observation
interval. These changes were highly variable in individual rats,
with some rats showing values exceeding 40°C. One rat that
showed very strong hyperthermic effect even died overnight. The
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Figure 6. Mean changes in brain (NAc), temporal muscle, and skin temperatures and locomotor responses induced by sc injections of methyl-
one (9 mg/kg), MDPV (1 mg/kg), MDMA (9 mg/kg), and saline during social interaction. Top graphs show mean (£SEM) values of absolute temper-
ature changes; middle graphs show changes in NAc-Muscle and Skin-Muscle differentials; and bottom graphs show mean (£SEM) changes in locomotor
activity. Filled symbols mark values significantly different from the pre-injection baseline. The first and third vertical hatched lines in each graph show
onset and offset of social interaction (60 min) and black arrows at the second hatched lines mark the moment of drug administration. Original data

mean temperature elevation was maximal in this case (2.39+
0.27°C), significantly exceeding the effect of this drug in quiet
resting conditions (0.9540.25°C; p<0.01). The pure effects of
MDMA on brain temperature were also significantly stronger
during social interaction than in quiet resting conditions (1.86°C
vs. 0.89°C), suggesting super-additive interaction. Strong poten-
tiation of MDMA effects during social interaction was also evi-
dent in other parameters. First, the increase in NAc-Muscle
differential was very prolonged (> 5 hrs) although its amplitude
did not differ from that seen with the drug used in quiet resting
conditions. Second, when wused during social interaction,
MDMA robustly decreased Skin-Muscle differentials (-1.31%
0.29°C) and this effect was larger and more prolonged than with
other drugs (-0.56+£0.13 and -0.66=£0.27°C for Methylone and
MDPV, respectively; p<0.05 for both cases). This drug effect
was also clearly larger than that seen in quiet resting conditions
(-0.95+0.24°C).

To examine how the hyperhermic effects of methylone,
MDPV and MDMA are modulated under conditions of dimin-
ished heat dissipation, these drugs were administered under quiet
resting conditions at 29°C, a temperature within rats’ thermo-

51,53

. 2 . . . .
neutrality zone.”> Consistent with previous studies, rats
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exposed to a warm ambient temperature maintained stable but
slightly higher internal temperatures (mean: 36.7£0.2, 36.2+
0.2 and 35.240.4°C for NAc, muscle, and skin, respectively)
than rats housed under standard laboratory conditions at 22-
23°C (mean: 35.940.2, 35.240.3 and 34.0£0.26°C, respec-
tively). The difference was minimal for the brain (A = 0.76°C)
and maximal for skin (A = 1.17°C), suggesting weak tonic vaso-
dilation as a way to promote dissipation of metabolic heat into
the warmer environment. Saline injections under these condi-
tions induced weak, transient injection-related temperature
responses similar to that seen with saline injection at standard
room temperature (Fig. 7a-c).

Although methylone (9 mg/kg) injected at 29°C increased
NAc temperature (Fig. 7d-f), this change was more transient
than at 23°C and its mean value assessed as the area under
the curve (0.47 £ 0.15°C) was significantly lower than in
quiet resting conditions (1.12 £ 0.23°C, p < 0.01). Under
these conditions, drug-induced increases in NAc-Muscle dif-
ferentials were larger than those in quiet rest, but decreases in
Skin-Muscle differentials were shorter in duration and signifi-
cantly weaker than in control (—0.30 £ 0.05°C vs. —0.72 &+
0.15°C; p<0.05).
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were still alive. Original data shown in this graph were reported in.

Figure 7. Mean changes in brain (NAc), temporal muscle, and skin temperatures and locomotor responses induced by sc injections of methyl-
one (9 mg/kg), MDPV (1 mg/kg), MDMA (9 mg/kg), and saline in freely moving rats at warm ambient temperatures (29°C). Top graphs show
mean (=SEM) values of absolute temperature changes; middle graphs show changes in NAc-Muscle and Skin-Muscle differentials; and bottom graphs
show mean (+SEM) changes in locomotor activity. Filled symbols mark values significantly different from the pre-injection baseline. Black arrows at the
hatched lines mark the moment of drug administration. Since all rats exposed to MDMA died within 6 hrs post-injection, MDMA data are shown as indi-
vidual changes (j) and mean values of NAc-Muscle, Skin-Muscle differentials and locomotion (k and 1) for the first 80 min post-injection when all rats

In contrast, MDPV used under warm ambient tempera-
tures induced a stronger and more prolonged temperature
elevation (1.51 £ 0.16°C), which was significantly larger
that that induced at 23°C (0.79 £ 0.25°C; p < 0.05). This
potentiation of hyperthermic effects was coupled with stron-
ger and more prolonged increases in NAc-Muscle differentials
and stronger decreases in Skin-Muscle differentials, but these
changes were not significant vs. 23°C. Therefore, in contrast
to the lack of habituation and unusual weakening of hyper-
thermic effects of methylone occurred during social interac-
tion and at 29°C, hyperthermic effects of MDPV are
moderately enhanced by both social interaction and warm
external temperatures.

In contrast to two cathinones, MDMA administered at 29°C
induced robust increases in NAc temperatures which reached
fatal values (>41°C), inducing lethality in all 6 tested rats within
6 hours post-injection (Fig. 7j-1). Peak values of NAc tempera-
tures after MDMA administration ranged from 41.4°C to
43.8°C, and their means were more than 4°C larger than in the
control condition (42.2 £ 0.4°C vs. 37.7 + 0.4°C; p < 0.01).
When calculated as the pre-lethality temperature peak, the mean
increase in NAc temperature was 2.29 % 0.22°C, significantly

210 Temperature

larger than mean MDMA-induced Nac temperature elevation in
23°C environment (0.95 £ 0.25°C; p < 0.01). By this parame-
ter, the potentiation effect for MDMA was two-fold larger than
for MDPV (1.34°C vs. 0.72°C).

The potentiation effect was also evident with other measures.
While significant increases in NAc-Muscle differentials were evi-
dent with MDMA at quiet rest and standard ambient tempera-
tures (mean = 0.17 & 0.07°C), this effect more than doubled at
29°C (0.36 £ 0.04°C; p<0.05). When used at warm tempera-
tures, MDMA also induced much stronger and more prolonged
vasoconstriction as evidenced by Skin-Muscle differentials, which
decreased more on average than 2°C below pre-injection baseline

(Fig. 7k).

Conclusions and Functional Implications

Data presented in this review demonstrate that brain hyper-
thermic effects of several popular psychostimulant drugs of abuse
differ significantly depending upon the environmental conditions
and the activity state associated with their administration. While
each of these four drugs considered in this review increased brain
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hyperthermic effect. However, this effect
for methylone (blue bars) did not change
and even slightly decreased when the drug
was used during social interaction and at
29°C, when basal brain temperature
increased and heat
impaired. This pattern of interaction was
especially evident when we calculated the
net effects of methylone (drug - saline;
Fig. 8B) in each condition. While atypical
for METH' and MDMA,>>”? this pat-
tern of state dependency suggests that

dissipation  was

methylone and social interaction share
common effector mechanisms (e.g., sym-
pathetic activation) to induce brain hyper-
thermia. When these mechanisms are
naturally activated during social interac-
tion (i.e., when brain metabolic activity is

3.0+

] saline
Bl Methylone
1 mpprv
B MDMA

2.5

2.0+

1.5

1.0

"Net" effects, °C

0.5+

0.0-

increased and/or cutaneous vessels are
physiologically constricted), the effects of
the drug per se become weaker, but the
overall hyperthermic response does not
change.

However, a different pattern of inter-
action occurred with MDPV (Fig. 8,
green bars). Brain temperature increase
induced by this drug during social inter-
action and at 29°C becomes significantly
stronger (A) and net effect of MDPV was
larger (B), suggesting an additive interac-
tion and the involvement of different
mechanisms in mediating the enhanced
brain temperature response to MDPV.
Finally, potentiation was supra-additive
with MDMA (Fig. 8, red bars), which

induced pathological brain temperature

ues induced by each drug under quiet resting conditions.

Figure 8. Mean values of brain (NAc) temperature increases (area under curve for 5-hrs post-
injection) induced by sc injections of methylone (9 mg/kg), MDPV (1 mg/kg), MDMA (9 mg/
kg), and saline in rats under quiet resting conditions, during social interaction, and at warm
ambient temperatures. Top graphs (A) show mean (£SEM) temperature changes and bottom
graphs (B) show “net” or “pure” drug effects (drug - saline). Horizontal hatched lines in (B) show val-

increases when administered during social
interaction and lethality when used in
moderately warm environments. This pat-
tern of modulation was clearly evident in
mean values of temperature elevation (A)

and the “net” effect of drug in each condi-

temperature when administered under standard laboratory condi-
tions (quiet rest, 22-23°C), this increase in each case differed in
magnitude and duration. Each drug also showed a specific pat-
tern of temperature responses when used under conditions of
physiological activation (social interaction), when brain tempera-
ture was naturally increased, and at moderately warm environ-
ments that impair the adaptive mechanisms of heat loss. While
cocaine decreased its ability to elevate brain temperature when
used during physiological activation, the effects of methylone,
MDPV and MDMA show different types of modulation
(Fig. 8A). When tested at standard laboratory conditions, each of
three drugs induced a moderate, approximately equal brain

www.landesbioscience.com

tion (B).

A powerful enhancement of the
hyperthermic effects of MDMA by environmental conditions
seen in rats may help to explain the exceptionally strong,
sometimes fatal, responses of some individuals induced by
this drug under rave party conditions. However, some cau-
tion should be taken in extrapolating these findings to human
conditions because humans have much more sophisticated
mechanisms of heat loss from the body than do rats,”” thus
making them more resistant to high environmental tempera-
tures and thermogenic effects of psychomotor stimulants. In
contrast to rats, humans have a well-developed ability to
sweat and have a very high dynamic range of flow rates in
the skin, thus allowing them to lose more metabolic heat (1
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kW) than could be maximally produced in the body.”® These
differences in the effector mechanisms of heat loss could
explain weaker MDMA-induced body temperature increases
and their lesser dependence on ambient temperatures found
in monkeys**””7® and humans.>*”? Despite their high effi-
ciency, the compensatory mechanisms of heat loss in humans
could be greatly impaired under specific conditions, resulting
in progressive heat accumulation in the organism. A simple
bicycle exercise that produces ~1°C brain temperature eleva-
tion under normal conditions produced strong hyperthermia
(39.0-39.5°C) when the exercise is conducted in a special
water-impermeable cloth that prevents heat dissipation to the
external environment.?® Therefore, pathological brain hyper-
thermia induced by overdose of psychomotor stimulants
under rave conditions results not only from excessive heat
production due to drug-induced and psycho-physiological
activation, but also from the impaired ability to dissipate
metabolic heat due to warm, humid environment and power-
ful drug-induced peripheral vasoconstriction. Since partygoers
are often actively engaged with other individuals (dancing,
sexual activity, etc.), drug effects are additionally potentiated
by psycho-physiological activation typical to these conditions.
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