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(+/�)3,4-methylenedioxymethamphetamine (MDMA, “ecstasy”) is an abused psychostimulant that produces strong
monoaminergic stimulation and whole-body hyperthermia. MDMA-induced thermogenesis involves activation of
uncoupling proteins (UCPs), primarily a type specific to skeletal muscle (UCP-3) and absent from the brain, although
other UCP types are expressed in the brain (e.g. thalamus) and might contribute to thermogenesis. Since neuroim-
aging of brain temperature could provide insights into MDMA action, we measured spatial distributions of system-
ically administered MDMA-induced temperature changes and dynamics in rat cortex and subcortex using a novel
magnetic resonance method, Biosensor Imaging of Redundant Deviation in Shifts (BIRDS), with an exogenous
temperature-sensitive probe (thulium ion and macrocyclic chelate 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetramethyl-1,4,7,10-tetraacetate (DOTMA4�)). The MDMA-induced temperature rise was greater in the cortex than
in the subcortex (1.6 ± 0.4 °C versus 1.3 ± 0.4 °C) and occurred more rapidly (2.0 ± 0.2 °C/h versus 1.5 ± 0.2 °C/h).
MDMA-induced temperature changes and dynamics in the cortex and body were correlated, although the body tem-
perature exceeded the cortex temperature before and after MDMA. Temperature, neuronal activity, and blood flow
(CBF) were measured simultaneously in the cortex and subcortex (i.e. thalamus) to investigate possible differences of
MDMA-induced warming across brain regions. MDMA-induced warming correlated with increases in neuronal activ-
ity and blood flow in the cortex, suggesting that the normal neurovascular response to increased neural activity was
maintained. In contrast to the cortex, a biphasic relationship was seen in the subcortex (i.e. thalamus), with a decline
in CBF as temperature and neural activity rose, transitioning to a rise in CBF for temperature above 37 °C, suggesting
that MDMA affected CBF and neurovascular coupling differently in subcortical regions. Considering that MDMA ef-
fects on CBF and heat dissipation (as well as potential heat generation) may vary regionally, neuroprotection may
require different cooling strategies. Copyright © 2015 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION

(+/�)3,4-Methylenedioxymethamphetamine (MDMA, ecstasy) is
one of the most heavily abused psychostimulants, and its misuse
has seen explosive growth in the last decade (1). MDMA toxicity
is mainly associated with serotonergic and sympathomimetic

activation (serotonin syndrome), although additional effects on
other neurotransmitters systems such as dopamine, norepineph-
rine or acetylcholine are also present (2). MDMA is a substrate for
the serotonin transporter (3), but also for the dopamine and
norepinephrine transporters (4). A very severe and potentially
fatal effect of MDMA is the induction of extreme hyperthermia,
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which in turn can have negative consequences on various organ
systems (e.g., rhabdomyolysis, coagulopathy, kidney, heart, or
liver failure) (2). In addition to hyperthermia, MDMA may have
adverse cardiovascular effects by increasing heart rate and blood
pressure, which combined with hyperthermia could result in
serious, possibly even life-threatening, conditions (5–8).

Pharmacological studies in rats and mice using serotonin and
dopamine receptor antagonists have shown that the initial rise
in the body temperature in response to MDMA involves the
release of dopamine acting at D1 receptors (9), because antago-
nists of D1 receptors but not D2 or 5-HT receptors blocked
hyperthermia. Furthermore, pre-depletion of serotonin using
p-chlorophenylalanine (an inhibitor of synthesis) has no effect
on the initial temperature rise in response to MDMA, but
prolonged the period of hyperthermia (10,11), presumably
through interactions at 5-HT1A receptors. The prolongation of
hyperthermia is consistent with loss of normal serotonin-
dependent mechanisms of heat dissipation, as governed by local
and peripheral vasodilation and via thermoregulation centers in
the hypothalamus and other brain regions (12). In muscle tissue,
MDMA- and methamphetamine-induced thermogenesis is due
to the uncoupling of oxidative phosphorylation by activation of
uncoupling proteins (UCPs) (13). The brain also expresses UCPs
(14) – more extensively in deep brain regions (e.g. thalamus) than
the cortex (15) –which conceivably might play a direct role in local
thermogenesis and brain temperature rise measured in response
to MDMA. However, the impact of body thermogenesis could be
a major component of MDMA-induced brain warming. Thus the
magnitude, distribution, and dynamics of MDMA-induced temper-
ature changes in the brain are of critical importance to the assess-
ment of neurotoxicity and neuroprotective strategies. Because
core body temperature is usually reported with MDMA exposure,
knowledge of brain temperature distributionwould add a novel di-
mension to investigate MDMA’s effects on this important parame-
ter and perhaps provide alternative means for neuroprotection.

Biosensor Imaging of Redundant Deviation in Shifts (BIRDS) is
a new magnetic resonance chemical shift imaging (CSI) method
which uses the redundant information stored in the chemical
shifts of an exogenous contrast agent composed of a lanthanide
(or transition) metal ion and a macrocyclic chelate, e.g., 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetramethyl-1,4,7,10-tetraacetate
(DOTMA4�) or 1,4,7,10-tetraazacyclododecane-1,4,7, 10-tetrakis
(methylene phosphonate) (DOTP8�), where the acetate is a tem-
perature specific probe and the phosphonate allows both tem-
perature and pH (16–18). The paramagnetically shifted chemical
shift information detected by BIRDS is subsequently converted
into physicochemical parameters, such as temperature and/or
pH (17,19). Recently, we demonstrated that with BIRDS tempera-
ture distributions in rat brain can be obtained within minutes
using a temperature-sensitive probe consisting of a complex be-
tween thulium ions (Tm3+) and DOTMA4� (16,18). The methyl 1H
chemical shift of TmDOTMA� displays high temperature sensitiv-
ity and pH independence (16), and can be measured with high
signal-to-noise ratio (SNR) (e.g. up to 50 for in vivo BIRDS experi-
ments). TmDOTMA�was chosen over TmDOTP5� due to the higher
accuracy with which temperature can be determined (16). Here we
used TmDOTMA� with BIRDS to measure the effects of single-dose
MDMA (22 ± 2 mg/kg) on absolute temperature distribution and
dynamics of warming of the cortex and upper (medial) regions
of subcortexin anesthetized rats. Simultaneous measurements
of temperature (by thermocouple), neuronal activity (by micro-
electrodes), and tissue perfusion (by laser-Doppler flowmetry)

were made to determine the relationship between MDMA-
induced warming and neurovascular coupling in cortex and
subcortex (i.e. thalamus).

MATERIALS AND METHODS

Animal preparation (n = 17)

All experimental procedures on rats were approved by the
Institutional Animal Care and Use Committee (IACUC) and follow
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Sprague-Dawley male rats (200–300 g,
2–3 months) were anesthetized with an injection of urethane
(1.3 g/kg), tracheotomized, and artificially ventilated (70% N2O/
30% O2). An intraperitoneal line was inserted for administration
of ~250μL of the racemic isomeric mixture of (+/�)MDMA
(22 ± 2 mg/kg) or 0.9% saline. A femoral vein was cannulated
(PE-10) to administer D-tubocurarine chloride (0.25 mg/kg/h) or
TmDOTMA� (0.5 mmol/kg). A femoral artery was cannulated
(PE-50) for monitoring of physiological parameters (pCO2, pO2,
pH, blood pressure) throughout the experiment. Ventilation
parameters were adjusted as needed to maintain normal physi-
ology. The anesthetized rats were prepared with renal ligation
as previously described (17,19) to maintain a high concentration
of TmDOTMA� in the blood (3–4 mM) and the brain extracellular
space (2–3mM) during the BIRDS experiments (16). For the BIRDS
experiments TmDOTMA� was initially infused slowly for the ini-
tial 1–2 h followed by the MDMA injection. The majority of the
observed TmDOTMA� signal detected in vivo arises from the
extracellular space (16,17,19), because the blood represents only
3% of the voxel volume (20). In both magnet(for brain tempera-
ture maps with BIRDS) and bench (for simultaneous measure-
ments from cortex and subcortex (i.e. thalamus) of temperature
with a thermocouple, neuronal activity with microelectrodes,
and tissue perfusion with laser-Doppler) experiments a
temperature-controlled and recirculated-water heating pad was
used to maintain animal body temperature at physiological
levels before MDMA injection. Core body temperature was mea-
sured continuously with a rectal temperature probe. No further
adjustments in the temperature of the water heating pad were
made after MDMA injection, such that the increase in the body
temperature represents solely the effects of MDMA.

Study groups

The magnet (BIRDS) and bench (thermometry and laser-Doppler)
experiments were conducted using separate groups of animals
with continuous measurements made before (baseline) and after
MDMA (BIRDS, n = 7; bench, n = 4), allowing individual animals to
serve as their own controls. Three additional rats in each group
(BIRDS, n = 3; bench, n = 3) were injected only with 0.9% saline to
assess potential effects of vehicle on measured parameters. Of all
rats injected with MDMA and studied with BIRDS, two rats experi-
enced a large decrease (~50%) inmean arterial blood pressure upon
MDMA injection, and these animals were excluded from analysis.

In vivo BIRDS (n = 10)

CSI data were obtained on an 11.7 T horizontal-bore spectrome-
ter using a 1H resonator/surface-coil RF probe (1.4 cm). A
Gaussian-shaped pulse of 200 μs was used for excitation of a 6
mm slice with field of view of 2.56 × 2.56 cm2. The following
CSI parameters were used: 16 × 16 encode steps, recycle time

D. COMAN ET AL.

wileyonlinelibrary.com/journal/nbm Copyright © 2015 John Wiley & Sons, Ltd. NMR Biomed. 2015; 28: 1257–1266

1258



of 11 ms, and 100 averages. A 2D CSI image was acquired in 4
min 40 s of total acquisition time. The 1H spectra were line
broadened (150 Hz), phased (zero order), and baseline corrected
(first order). The temperature (T) depends only on the chemical
shift of the –CH3 protons of TmDOTMA� δCH3ð Þ

T ¼ a0 þ a1 δCH3 � δ0ð Þ þ a2 δCH3 � δ0ð Þ2 [1]

where δ0 = �103.0 ppm and the coefficients, a0 (34.45 ± 0.01), a1
(1.460 ± 0.003), and a2 (0.0152 ± 0.0009), were calculated from
linear least-squares fit of temperature as a function of chemical
shift δCH3 (16). The reference temperatures for derivation of cali-
bration coefficients were measured by the thermocouple from a
variable temperature controller on a vertical-bore 11.7 T system,
similar to the magnetic field in which the in vivo experiments
were conducted (16). For each voxel, the maximum change in
the temperature, ΔTm, was estimated from the difference be-
tween the maximum temperature reached after MDMA adminis-
tration (Tm) and the temperature at the moment of (or prior to)
MDMA administration (T0),

ΔTm ¼ Tm � T0 [2]

The MDMA-induced warming rate (k) immediately after
MDMA administration was calculated by fitting the temperature
variation over time to a linear function as a first-order approxi-
mation to represent the initial rate of heating:

T ¼ T0 þ k τ � τ0ð Þ [3]

where τ0 represents the time at the moment of MDMA adminis-
tration. All temperature values from BIRDS were reported in
absolute units of °C. The SNR was calculated as signal
height/peak-to-peak noise.

In vivo bench experiments (n = 7)

Anesthetized rats were mounted on a stereotaxic frame (David
Kopf Instruments, Tujunga, CA, USA) placed on a vibration-free
table inside a Faraday cage. The scalp and the galea aponeurotica
were removed and small burr holes were drilled for insertion of a
multisensor probe, which was custom designed to measure neu-
ronal activity, cerebral blood flow (CBF), and temperature simul-
taneously. It combined a high impedance (2 MΩ) tungsten
microelectrode (FHC, Bowdoinham, ME, USA) that measured
extracellular electrical activities of a small neuronal ensemble
from the local field potential (LFP) in conjunction with a dual-
sensor device for temperature and CBF measurements (250 μm
diameter; Oxyflow, Oxford Optronix, UK). The tungsten micro-
electrode was glued to the side of a needle shaft (30G; Terumo,
Tokyo, Japan), which contained the Oxyflow dual-sensor device.
The dual-sensor device was thus isolated from the microelec-
trode. The dual-sensor probe included a copper–constantan
thermocouple probe and a laser-Doppler probe (830 nm) sensi-
tive to red blood cell flow. The thermocouple wire and micro-
electrodes were grounded separately and the exposed probe
tips were physically isolated. These types of multi-modal record-
ing of LFP with CBF and temperature have been previously used
for studies of neurovascular coupling in the cerebral cortex of
anesthetized rats (21). The multisensor probe was placed in a ste-
reotaxic holder (Plastic One, Roanoke, VA, USA) and inserted into
the cortical and subcortical (i.e. thalamic) regions. Recordings
were localized to the middle cortical layers of the forelimb so-
matosensory cortex (4.4 mm lateral to bregma, 1.0 mm anterior

to bregma, 0.9 ± 0.1 mm depth from cortical surface) and ventral
posterior lateral nucleus of the thalamus (3 mm lateral to
bregma, 3 mm posterior to bregma, 5 mm depth from cortical
surface). All simultaneously acquired signals were amplified
and filtered before digitization (μ-1401, CED, Cambridge, UK).
Electrical and optical signals were digitized using Spike 2 soft-
ware (CED) at 20 kHz and 50 Hz, respectively. LFP was obtained
from low frequency bands using a Butterworth filter (<150 Hz,
24 dB/oct attenuation). All temperature values were used in ab-
solute units of °C, whereas all other measurements (CBF, LFP)
were reported relative to their pre-MDMA values. For example,
CBF was normalized to the pre-MDMA value and expressed as
a fractional change over baseline.

Statistics

Values for measured parameters were expressed as mean ± stan-
dard deviation (SD). The statistical significance of group differ-
ences was assessed by Student’s t test, and p values less than
0.05 were considered significant. The strength of the relationship
between parameters was assessed by linear correlation analysis
using MATLAB (Natick, MA, USA).

RESULTS

Figure 1(A) shows the molecular structure and the 1H MR
spectrum of the thermometric biosensor, TmDOTMA�,
which possesses four –CH3 groups, each attached to one of the
four acetate extensions of the central macrocyclic ring,
tetraazacyclododecane. The four methyl protons about 100
ppm downfield of water are magnetically equivalent, and pro-
duce a single resonance with high SNR in the cortex (10:1 to
50:1, Fig. 1(B), right). However, signals originating in subcortical
regions further away from the RF surface coil have lower SNR
(<10:1, Fig. 1(B), left and inset). The high temperature sensitivity
(0.7 ppm/°C) of this resonance provides an ideal biosensor when
combined with CSI (16,18), permitting localized time-resolved
temperature measurements in brain regions before and after
MDMA administration (Fig. 1(C), (D)). Figure 1(E), (F) shows an
example of the application of this method in a rat exposed to
MDMA, with determination of the main outcome measures:
maximum temperature change (ΔTm; Fig. 1(E)) and warming rate
(k; Fig. 1(F)) using Equations [1]–[3]. Excellent correlations (r2 of 0.99
for cortex and 0.97 for subcortex) were observed between all
temperature data points in Fig. 1(D) from the body (Tbody by
thermocouple) and brain (Tbrain by BIRDS), before and after MDMA
injection.

Figure 2 summarizes BIRDS data in terms of ΔTm and k
calculated from Equations [2] and [3]. Average baseline temper-
ature was higher in the subcortex compared with the cortex
(36.2 ± 0.3 °C versus 35.7 ± 0.4 °C; p = 0.056). MDMA injection
led to a rise in temperature in both brain regions, eventually
reaching similar peak values (cortex, 37.3 ± 0.7 °C; subcortex,
37.5 ± 0.5 °C; p = 0.62). The overall change in temperature
was thus greater in the cortex than in the subcortex (ΔTm:
1.6 ± 0.4 °C versus 1.3 ± 0.4 °C; p = 0.27). We observed a large
between-animal variation in the regional distribution of cortical
and subcortical ΔTm, spanning a range of values from 0.6 to
2.4 °C (Fig. 2(A)). Within individual animals, however, the cortical
regional variation was small (SD ≤0.34 °C). Warming rates (k)
were similar in all rats investigated, 2.0 ± 0.2 °C/h in the cortex
and 1.5 ± 0.2 °C/h in the subcortex, and the values showed a
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relatively homogenous distribution as observed by their small SD
(Fig. 2(B)). However, a two-tailed Student t test comparison be-
tween the cortex and subcortex shows that the warming rates
were significantly different in these two regions (p = 0.004).
The average baseline body temperature was 37.2 ± 0.3 °C, which
rose to 39.5 ± 0.7 °C after MDMA injection, thus resulting in an
average temperature change ΔTm of 2.3 ± 0.7 °C. The average
body warming rate was higher than in the brain, 2.9 ± 0.6 °C/h.
Administration of saline through the indwelling catheter
showed no effect on brain or body temperature, confirming that
the MDMA (and not vehicle or the conditions of animal

preparation) was responsible for the observed temperature ef-
fects (Supplementary Fig. 1).
A strong linear correlation (r2 = 0.96) was observed between

the average temperature changes between the cerebral cortex
and body induced by MDMA (Fig. 3(A)), although the strength
of the correlation between subcortex and body temperature
changes was weaker (r2 = 0.46). The change in body temperature
consistently exceeded the change in brain temperature (ΔTm,body

> ΔTm,brain). In contrast to temperature changes, brain and body
warming rates (Fig. 3(B)) showed a weaker correlation (cortex,
r2 = 0.43; subcortex, r2 = 0.47), with the body warming rates

Figure 1. MDMA-induced temperature changes and dynamics in rat brain measured by TmDOTMA� with BIRDS. (A) Chemical structure and 1H MR
spectrum of TmDOTMA�, which is a paramagnetic complex. A –CH3 group has been inserted into the H6 position of the macrocyclic chelate, enabling
high SNR for BIRDS. The MR spectrum indicates a prominent hyperfine-shifted 1H signal from the –CH3 group (in relation to water), which is highly tem-
perature sensitive (see Equation [1]). (B) Cortical and subcortical distribution of the 1H signal from the –CH3 group in TmDOTMA� depicted in an in vivo
2D 1H CSI dataset measured by an RF surface coil. Examples of 1H spectra from a cortical voxel (right, SNR = 34) and subcortical voxel (left, SNR = 3.4)
demonstrate that the SNR decreases considerably in the subcortical (deeper) brain regions due to increased distance from the surface coil. Although
different peak heights are observed across voxels, it is the chemical shift of the peak (i.e. not its intensity) that provides the temperature value (see
Equation [1]). (C) Cortical distribution of temperature derived from the TmDOTMA� signal in (B), where prior to MDMA injection subcortical regions
(~36 °C) were slightly warmer than cortical areas (~35 °C). (D) Simultaneously measured time courses of body warming (red triangles, measured by
a rectal thermocouple) in relation to average cortical (blue circles, by BIRDS, 26 voxels) and subcortical (green squares, by BIRDS, 7 voxels) warming,
where ΔTm is labeled for BIRDS to show that ΔTm in the cortex is slightly larger than ΔTm in the subcortex. Although ΔTm was larger in the body
(~3 °C) than in the brain (~2 °C), the temperature dynamics were quite similar. Rates of warming in the body (red line), cortex (blue line) and subcortex
(green line) immediately after MDMA administration (i.e. black arrow at time τ0) were determined from the initial linear rise of temperature over time
(see Equation [3]). (E) Distribution of maximum temperature change (ΔTm; see Equation [2]) induced by MDMA (22 ± 2 mg/kg) – given by the difference
between the maximum temperature reached following (Tm) and prior to (T0) MDMA injection. The difference was larger in the cortex (2.1 ± 0.3 °C) than
in subcortical voxels (1.7 ± 0.2 °C). (F) Distribution of warming rates (k; see Equation [3]) immediately after MDMA administration. Warming was faster in
the cortex (2.1 ± 0.3 °C/h) than in the subcortex (1.5 ± 0.1 °C/h). (G) Correlation of all temperature data points in (D) from the body (Tbody by thermo-
couple) and brain (Tbrain by BIRDS), prior to and following MDMA injection, measured independently. Despite the fact that the body was warmer than
the brain throughout, the dynamics of Tbrain and Tbody were well correlated in both the cortex (r2 = 0.99) and subcortex (r2 = 0.97). All in vivo BIRDS data
(at 11.7 T) are from the same rat.
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spanning a larger range of values (2.1–3.5 °C/h) compared with
the brain (1.4–2.1 °C/h).
To explore the state of neurovascular coupling in response to

MDMA across different brain regions, simultaneous measure-
ments of temperature (thermocouple), LFP (microelectrode),
and CBF (laser-Doppler) from both the cortex and subcortex

(i.e. thalamus) were conducted using a multisensor probe.
The average temperature, neuronal activity, and blood flow
from the cortex and thalamus are shown in Fig. 4. Both the
maximal temperature change and the warming rate (Fig. 4(A))
were higher in the cortex (ΔTm = 2.0 ± 0.6 °C and k = 2.5 ±
1.6 °C/h) than in the thalamus (ΔTm = 1.7 ± 0.4 °C and k = 1.3 ±

Figure 2. Distributions of MDMA-induced maximum temperature change in relation to warming rate in rat brain measured by TmDOTMA� with
BIRDS. (A) Range of maximum temperature change in cortex (gray bars) and subcortex (black bars) induced by MDMA (ΔTm; see Fig. 1 and Equation
[2] for how ΔTm was estimated) in different rats. Although ΔTm was slightly different in each rat, the variance in ΔTm was within a narrow range
of 0.4–0.8 °C, indicating uniform MDMA-induced changes throughout the brain. The average cortical and subcortical ΔTm measured across all rats
(n = 5) was 1.6 ± 0.4 °C and 1.3 ± 0.4 °C, respectively. (B) Range of cortical warming rate (k) obtained in different rats (see Fig. 1 and Equation [3] for how
k was estimated). Calculated values of k were quite similar in all rats, in the range of 1.4–2.6 °C/h. The average k calculated across all rats (n = 5) was 2.0 ±
0.3 °C/h in the cortex and 1.5 ± 0.2 °C/h in the subcortex.

Figure 3. Correlation between brain and body measurements of MDMA-induced maximum temperature changes (ΔTm) and warming rates (k). (A)
Comparison between the average of maximum temperature changes in the brain (ΔTm,brain) and the body (ΔTm,body) shows a very good correlation
(r2 = 0.96; see Fig. 1 and Equation [2] for how ΔTm was estimated) in the cortex, but a weak one (r2 = 0.46) in the subcortex. Note that ΔTm,body was
always larger than ΔTm,brain. The correlated temperatures in the body and the cortex suggest that body warming may be contributing, in part, to cortical
warming with MDMA exposure. (B) Comparison between the warming rates in the brain (kbrain) and the body (kbody) shows a poorer correlation in both
the cortex (r2 = 0.43, see Fig. 1 and Equation [3] for how k was estimated) and subcortex (r2 = 0.47). Since the range of kbody (2–3.5 °C/h) was much larger
than the range of kbrain (1.4–2.1 °C/h), the temperature rise in the cortex is more tightly regulated than the temperature rise in the body.
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0.5 °C/h). The cortical values of ΔTm and k measured by thermo-
couple did not differ significantly from those determined
in cortex by BIRDS (ΔTm = 1.6 ± 0.4 °C; p = 0.27 and k = 2.0 ±
0.2 °C/h; p = 0.50).

MDMA injection led to a rapid initial decline in the LFP (cortex,
255 ± 125%/h; thalamus, 225±70%/h) followed by a slower in-
crease in LFP in both regions (cortex, 23±9%/h; thalamus, 20 ±
2%/h) (Fig. 4(B)). The LFP recovery nearly reached pre-MDMA
values for both regions. The MDMA-induced CBF dynamics
showed early similarities to the LFP patterns, but late responses
diverged between regions. In both regions there were large
initial declines in CBF followed by slower changes in cortex
(increase) and thalamus (prolonged decrease) (Fig. 4(C)). Cortical
CBF declined rapidly in the first10 min (110±50%/h), followed
by a slow recovery (31 ± 15%/h), whereas thalamic CBF de-
creased more slowly (48 ± 12%/h) in the first 60 min, followed
by a much slower increase in CBF (14 ± 11%/h), which did not

recover to pre-MDMA CBF values. For comparison, no significant
changes in temperature, neuronal activity, or CBF were seen in
the cortex or subcortex (i.e. thalamus) in response to saline ad-
ministration (Fig. 4).
Whereas good correlations were seen between the dynamics

of temperature and LFP in both regions, suggesting that tissue
warming is associated with increases in neuronal activity in both
regions, this association was higher in the cortex than in the
subcortex (i.e. thalamus) (Fig. 5(A)). The strong positive correla-
tion between the dynamics of temperature and CBF in the cortex
suggests that tissue warming is coupled to tissue perfusion
increases in the cortex. In contrast to the cortex, the subcortex
(i.e. thalamus) displayed a negative and weaker relationship,
suggesting that tissue warming is decoupled from tissue perfu-
sion in this region (Fig. 5(B)). Plotting CBF against LFP for the
cortex and subcortex (i.e. thalamus) after MDMA injection re-
vealed more clearly the substantial differences in neurovascular

Figure 4. Dynamics of temperature (T), LFP, and CBF in cortex and subcortex during MDMA exposure. MDMA (black; n = 4) or saline (gray; n = 3) was
administered at time 0 and the data shown represent simultaneously recorded average signal. (A) Comparison of T changes (measured by thermocou-
ple) in cortex and subcortex (i.e. thalamus), shows that the maximum temperature change ΔTm was slightly larger in the cortex (2.0 ± 0.6 °C) than in the
thalamus (1.7 ± 0.4 °C); basal temperature prior to MDMA exposure (T0) was slightly higher in the thalamus (35.8 ± 0.6 °C) than in the cortex (34.9 ± 0.8 °
C). No significant temperature changes were observed after saline administration in either cortex or thalamus. (B) Comparison of neuronal activity in
cortex and thalamus, reflected by LFP (measured by microelectrodes), shows that activity in both regions kept decreasing for about 10 min following
MDMA injection, after which activity increased at a faster rate in cortex than in thalamus. Saline administration did not significantly alter neuronal ac-
tivity. (C) Comparison of tissue perfusion in cortex and thalamus, reflected by CBF (measured by laser-Doppler), shows that CBF in both regions de-
creased fast for 10 min following MDMA injection, after which CBF increased in the cortex and did not change significantly in the thalamus. No
significant CBF changes were induced by saline administration in the cortex or thalamus. CBF changes are reflected with respect to the pre-MDMA
value and expressed as a fractional change over the baseline. See Fig. 5 for details of correlation between each measurement type across both regions
(i.e., data points beyond the vertical dashed line were used such that the acute neuronal activity depression immediately following MDMA injection was
not included).
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coupling between these regions (Fig. 5(C)). Overall, these results
suggest that, while both regions experience MDMA-induced
warming, neurovascular coupling is more severely affected in
the subcortex (i.e. thalamus) than in the cortex.

DISCUSSION

The high SNR of the biosensor allowed spectroscopic images to
be acquired in less than 5 min with BIRDS (Fig. 1(D)), providing
sufficient time resolution to capture the rates of rise in both cor-
tical and subcortical temperature after MDMA administration.
The baseline cortical and subcortical temperatures before MDMA
injection were similar for all rats investigated (SD ≤ 0.4 °C),
although the maximum temperature observed following MDMA
injection was more variable between rats (SD of 0.7 °C in the
cortex and 0.5 °C in the subcortex; Fig. 2(A)), possibly reflecting
differences in MDMA absorption through the intraperitoneal
route and/or degradation by hepatic metabolism. Interestingly,
the temperature gradient between cortical and subcortical
regions after MDMA injection was smaller than before the injec-
tion, reflecting the lower temperature increase in the subcortex
compared with the cortex.
Despite differences in peak temperatures between rats admin-

istered with MDMA, the distributions of cortical and subcortical
temperature changes were relatively homogenous within
individual rats (%SD < 12%, with the exception of one animal
(Rat 4) with cortical %SD of 27%; Fig. 2(A)). The distributions of
cortical and subcortical warming rates were also quite homoge-
nous (%SD < 13%; with the exception of one animal (Rat 4) with
cortical %SD of 18%; Fig. 2(B)), showing little variation across an-
imals, with SD of 0.2 °C/h (or %SD = 10%). Comparing cortical
and subcortical temperature changes and warming rates in the
same animal, we observed that their distributions were more
homogenous in the subcortex (SDsubcortex < SDcortex), probably
due to larger cortical variations of CBF and/or some heat loss
to the environment.
A consistent observation was that the absolute temperatures

and warming rates of the body exceeded those of the brain
(Figs. 1(D) and 3(A), (B)). The average cortical temperature
change was highly correlated with body temperature (Fig. 3(A),

solid line), suggesting that heat transport through blood flow
from body to brain could contribute, at least partly, to cortical
warming. However, subcortical temperature change was not well
correlated with body temperature (Fig. 3(A), dashed line),
suggesting a lower contribution of heat transported from body
to brain in this region. Moreover, cortical and subcortical
warming rates were poorly correlated with body warming rates
(Fig. 3(B)), suggesting that additional factors contributed to cor-
tical warming. These results suggest that the MDMA-induced in-
crease in body temperature was at least partially responsible for
cortical hyperthermia, a likely product of body heat generation
by MDMA and reduced heat loss by peripheral vasoconstriction.
Studies of temperature dynamics in the rat brain suggest that
four processes are responsible for local temperature changes:
metabolic heat production, heat removal or addition through
blood flow, conductive heat loss to adjacent regions and dissipa-
tive heat loss to the environment (21,22).Of these, a change in
brain metabolism and/or blood flow will have the largest effect
on brain temperature, whereas conductive or dissipative heat
losses are relatively small and can be neglected to a first-order
approximation (21). The correlation between the brain and body
temperature change (Figs. 1(G) and 3(A)) is consistent with these
models, and, based on the temperature gradient (body > cortex)
observed under our experimental conditions, blood flowing from
body to brain appeared to contribute significantly to cortical
warming. Consistent with the model proposed by Zhu et al.
(22), the more deeply situated thalamus was warmer by about
1 °C (i.e. consistent with our findings) than the cortex before
MDMA administration, and this temperature gradient was main-
tained (although smaller) after MDMA injection, despite oppos-
ing effects on CBF in the subcortex (decreased) and cortex
(increased). The opposite CBF responses following MDMA expo-
sure and the induced hyperthermia in the subcortex and cortex
also correlated with their slower and faster warming rates,
respectively.

Similar MDMA-induced temperature changes of 1.3–1.5 °C in
the nucleus accumbens and hippocampus were reported previ-
ously by Brown and Kiyatkin (23). Using the time dependence
of temperature changes reported in the Brown and Kiyatkin
study, we estimated an initial warming rate of about 1.0 °C/h
under quiet resting and about 1.2 °C/h under social interaction

Figure 5. Correlation between temperature (T), LFP, and CBF dynamics in rat cortex and thalamus during MDMA exposure. The analysis included
multi-modal data from Fig. 4, excluding data points prior to the acute neuronal activity depression immediately following MDMA injection (see the ver-
tical dashed line in Fig. 4). (A) Linear correlation between the dynamics of LFP and T in the cortex and in the thalamus shows that coupling between
temperature and neuronal activity was slightly stronger in the cortex than in the thalamus (i.e., r2 = 0.89 versus r2 = 0.80, respectively), suggesting that
tissue warming in both regions is associated with increased neuronal activity. (B) Linear correlation between the dynamics of CBF and T in the cortex
and in the thalamus shows that the association between tissue perfusion and temperature changes was positive in the cortex but negative in the thal-
amus (i.e., r2 = 0.81 versus r2 = 0.15, respectively), suggesting that tissue warming is coupled to tissue perfusion increases in the cortex but decoupled in
the thalamus. (C) Linear correlation between the dynamics of CBF and LFP in the cortex) and in the thalamus shows that coupling between tissue per-
fusion and neuronal activity was present in the cortex but absent in the thalamus (i.e., r2 = 0.76 versus r2 = 0.08, respectively), suggesting that
neurovascular coupling in the thalamus is very different from that in the cortex. CBF was normalized to the pre-MDMA value and expressed as a frac-
tional change over baseline.
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conditions. These warming rates are approximately half of the
warming rates measured in this study (2 °C/h), but this is proba-
bly due to the higher MDMA dose used in our study (22 mg/kg)
versus that of Brown and Kiyatkin (9 mg/kg). The MDMA dose in
our study is within the range previously investigated in rodents
(5–40 mg/kg, s.c. or i.p.) (24,25), and is less than half the esti-
mated LD50 dose in rats (26).Generally, the LFP and CBF time
courses in both regions behaved similarly, with the exception
of the immediate effects after MDMA injection (Fig. 4(B), (C)).
Both signals from these regions showed an initial decrease
followed by a much slower rise. While both LFP and CBF seemed
to increase to pre-MDMA levels in the cortex, the LFP and CBF
stayed well below the pre-MDMA level in the subcortex (i.e. thal-
amus). Thus, the increased temperature in the cortex triggers a
steady blood flow and neuronal activity, while in the thalamus
there was a lack of blood flow response in relation to neuronal
activity despite temperature increases.

These results suggest that the neurovascular coupling in the
cortex is well maintained during cortical warming, whereas there
is poor neurovascular coupling in the thalamus during thalamic
warming (Fig. 5). The increased cortical blood flow with MDMA
has also been observed by others using bolus-tracking arterial
spin labeling MRI (27), suggesting that some neuroprotection is
active in the cortex with MDMA. However, lack of thalamic blood
flow increase with thalamic hyperthermia suggests that this re-
gion may be more susceptible to injury during MDMA exposure.
While whole-body cooling may be effective for cooling the
whole brain, the use of pharyngeal cooling may selectively cool
deeper parts of the brain more efficiently (28–32). It is clear that
a better description of the mechanisms involved in the MDMA-
induced brain hyperthermia is required to separate measure-
ments of intracerebral metabolic heat production, which cannot
be achieved directly from temperature measurements due to
heat removal/addition by blood flow or conductive and dissipa-
tive heat loss to adjacent regions. A quantitative assessment of
heat production/removal by each of the mechanisms involved
in the MDMA-induced brain warming requires careful separation
of each contribution and will be the scope of future studies.

Heat transfer to brain from the body by the flow of warmer
blood may not be the only process however that could contrib-
ute to cortical MDMA-induced hyperthermia. Mitochondrial
UCPs, which dissipate the hydrogen ion gradient across the mi-
tochondrial inner membrane used for ATP production as heat,
are expressed in the brain (14). UCPs, primarily UCP3 of skeletal
muscle (14), are known to play a role in methamphetamine-
and MDMA-induced systemic thermogenesis (13,33), though
other UCP isoforms (e.g., UCP2, UCP4, UCP5) are expressed in
brain, especially in deep subcortical areas, e.g. thalamus and hy-
pothalamus (15,34,35). However, the finding that the rate of tha-
lamic warming was slower than that in the cortex and correlated
well with the reduction in thalamic CBF, despite increased tha-
lamic activity (LFP), argues against a significant contribution of
endogenous metabolism (and UCP-induced thermogenesis) to
the observed thalamic temperature change after MDMA.

In the present study, the TmDOTMA� signal was localized
mainly in cortex and some subcortical regions (Fig. 1(C)) due to
limited RF coverage by the surface coil, reducing SNR farther
away from the cortex, and thus precluding accurate temperature
assessment in deeper brain regions with BIRDS. However, the
cortical voxels are positioned closer than other (deep) brain
structures and therefore the TmDOTMA� signal is sufficient for
chemical shift (and thus temperature) determination. Thus, to

investigate the possibility of differential heating profiles in spe-
cific brain regions and also potential for variable neurovascular
coupling across these regions, we conducted simultaneous corti-
cal and subcortex (i.e. thalamus) recordings of temperature, LFP,
and CBF (Fig. 4).
The temperature rise in the subcortex lagged that of the cor-

tex (Fig. 2(D), 4(A), 4(B)), and both the maximum temperature
change and the warming rate were smaller than in the cortex.
The different time courses of temperature rise in the cortex
and subcortex (i.e. thalamus) observed in the current study could
be explained by a heat dissipation and conduction model similar
to that described by Zhu et al. (22). Their results show a similar
trend, where the difference between the brain and the body
temperature is negative and larger at the surface of the brain
(cortex), becoming smaller in deeper brain regions (thalamus).
Thus, the larger temperature rise in the cortex could be due to
lower basal temperatures recorded before the MDMA injection
in the cortex (34.9 ± 0.8 °C) than in the thalamus (35.8 ± 0.6 °C),
which was probably a consequence of greater heat loss from
cortical regions to the environment.
There are limitations in our study that could affect generaliza-

tion of our findings. The rats in our study were anesthetized,
reducing body and brain blood flow and metabolism, and
immobilized so that MDMA-induced heat production did not
arise through muscle work. The core temperature increase with
MDMA, independent of how it was achieved, did occur under an-
esthesia and paralysis, so this aspect of MDMA action is faithfully
reproduced. A more serious potential confounder is the effect of
anesthesia on CBF. A reduction in CBF before MDMA administra-
tion would reduce the dissipation of heat produced in the brain,
as well as reducing MDMA-related heat produced in the periph-
ery from reaching the brain. An imbalance in metabolism over
blood flow, i.e. loss of neurovascular coupling, could lead to a
rise in brain temperature. However, we and others have shown
that neurovascular coupling is maintained under anesthesia,
and it was MDMA that disrupted this normally tight coupling in
the thalamus but not the cortex, and both regions experienced
a rise in temperature. Another potential confounder was the
use of a heating pad to maintain body temperature during anes-
thesia, which compensates for body heat loss but not fully for
that of brain (36). For deep pentobarbital anesthesia brain tem-
perature was about 0.6 °C lower than body temperature, but this
would be expected to be less as anesthesia depth decreases and
brain activity rises. As MDMA led to a temperature increase
above the baseline of 37 °C, and saline administration did not
alter cortical or thalamic temperature, the maintenance of
baseline (normothermic) core temperature prior to MDMA
treatment does not alter our conclusions. We note that MDMA
exposure in humans generally involves hot ambient environ-
ments (i.e. greater than normal room temperature of ~25 °C),
and activity levels contributing to elevated body temperature,
well beyond the ambient 20 °C temperature of the magnet
bore. In awake rats under cool (i.e. 15 °C) ambient temperature
conditions MDMA leads to a paradoxical decline in body temper-
ature (37). Our goal in this study was to assess the heat raising
effects of MDMA from a uniform baseline of body and brain
temperature.
In summary, we studied acute cerebral hyperthermia in ro-

dents induced by the psychostimulant drug MDMA using a novel
magnetic resonance method (BIRDS) employing an exogenous
temperature probe, TmDOTMA�, to assess temperature distribu-
tion and dynamics throughout the cerebral cortex and in some
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subcortical regions. A single bolus injection of MDMA produced
a rapid increase in temperature (2 °C/h) with peak change of
2.4 °C at 2 h post-injection. A strong correlation was observed
between changes in cortical and body temperature, suggesting
that the heat produced in the body reached the brain through
the circulation, contributing partially to the rise in cortical tem-
perature. Multi-modal assessments of temperature, blood flow,
and neuronal activity suggest that neurovascular coupling differs
in the thalamus compared with the cortex in response to MDMA-
induced hyperthermia. Based on the large and rapid change in
brain temperature induced by MDMA, future investigations
involving repetitive MDMA exposures (38), and measurement
of other brain regions where MDMA neurotoxicity is known to
manifest, could be highly informative.
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