Uncoupling the agony from ecstasy

he recreational use of amphetamine-

type stimulants can produce a marked

and sometimes lethal increase in body
temperature. Here we show that mice defi-
cient in a mitochondrial protein known as
UCP-3 (for uncoupling protein-3) have a
diminished thermogenic response to the
drug MDMA (3,4-methylenedioxymetham-
phetamine, nicknamed ‘ecstasy’; Fig. 1) and
so are protected against this dangerously
toxic effect. Our findings indicate that UCP-
3 is important in MDMA-induced hyper-
thermia and point to a new therapeutic
direction towards solving an increasing
public-health problem.

A United Nations report estimates that
there has been a 70% increase in the world-
wide recreational use of MDMA from 1995
to 2000, with a consequent increase in the
number of hospital cases and deaths"?. Most
deaths result from a syndrome of persistent
hyperthermia that leads to the breakdown of
skeletal muscle (rhabdomyolysis), with sub-
sequent kidney and other organ-system fail-
ure. The molecular basis for MDMA-
induced hyperthermia is unknown.

Skeletal muscle may have a role in adap-
tive thermogenesis’, with heat being gener-
ated through ryanodine-receptor-mediated
calcium cycling and, possibly, as a result of
the action of mitochondrial uncoupling
proteins. These proteins divert the energy
produced by cellular respiration from dri-
ving ATP synthesis to producing heat
instead. Brown fat is rich in mitochondria
containing uncoupling protein-1 (UCP-1),
which is an important thermoregulatory
mediator.

Although the related proteins UCP-2 and
UCP-3 share more than 50% sequence iden-
tity with UCP-1, it is unclear whether they
also participate in thermoregulation’. For
example, mice bred to lack UCP-3 (UCP-37/~
or UCP-3 ‘knockout’ mice) have normal basal
body temperatures and adapt appropriately
to cold exposure®’, suggesting that the func-
tion of UCP-3 is not to regulate body temper-
ature under normal physiological condi-

Figure 1 Hot stuff: ecstasy, which is popular among clubbers, can
trigger a potentially lethal increase in users’ body temperature.

tions. We therefore investigated whether this
uncoupling protein could mediate the patho-
logical thermogenic response that occurs as a
result of MDMA toxicity.

Because UCP-3 is predominantly
expressed in skeletal muscle and MDMA
markedly increases the temperature of skele-
tal muscle’, we compared the thermogenic
response to this agent in wild-type and
UCP-3""" mice. Wild-type mice showed a
dose-dependent increase in skeletal muscle
temperature after administration of MDMA
(Fig. 2a): the temperature peaked within the
first hour after administration but remained
raised for at least two hours; their rectal tem-
peratures showed a similar response (Fig. 2b).

In contrast, although the baseline tem-
perature of UCP-37'" mice was indistin-
guishable from that of wild-type animals
(wild type 38.6+0.08°C; UCP-37'~
38.7£0.08 °C; P, not significant), these mice
showed a significantly blunted rise in both
skeletal-muscle and rectal temperature fol-
lowing MDMA administration (Fig.2a,b).

As the skeletal muscle of UCP-37'" mice
still expresses small amounts of UCP-2 (refs
4,5), UCP-2 may be mediating the small
temperature increase seen in the UCP-37/~
mice. Alternatively, other thermogenic
mechanisms unrelated to uncoupling (such
as vasoconstriction mediated by the a;-
adrenergic receptor, for example) may be
responsible’.

Given that the fatal effects of MDMA in
both rodents and humans correlate with the
degree of hyperthermia’, we tested whether
UCP-3"'" animals were protected against a
lethal challenge. Although the toxicity of
MDMA in mice is less consistent than in
other species’, a 25% lethal dose (LD,;) is
estimated asabout 50 mg of drug per kgbody
weight®. Consistent with this, wild-type ani-
mals given increasing doses of MDMA under
defined conditions succumbed within 4 h of
drug administration, with one in five of the
animals dying at a dose of 20 mg kg™ ' and
three in ten dying at 40 mg kg~ (Fig. 2c).
However, none of the UCP-3/~ animals
died after administration of either dose (n =
5and n = 10, respectively).

Our resultsindicate that UCP-3 isrequired
for the rise in skeletal and core temperature
that is associated with MDMA administra-
tion. Endogenously produced reactive alde-
hydes can also stimulate UCP-3 activity’, and
there are some structural similarities between
this class of molecule and MDMA and/or its
metabolites’. Further investigation is needed
to determine whether ecstasy can directly
stimulate uncoupling activity.

The temperature response in individuals
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Figure 2 Mice deficient in the mitochondrial uncoupling protein
UCP-3 (UCP-37"~ mice) are protected against the hyperthermic
effects of MDMA. a, b, Group-housed wild-type (filled bars) and
UCP-37'~ (white bars) mice were injected with increasing doses
of MDMA and the temperature of their skeletal muscle (a) and
rectum (b) recorded 1 h later. Temperatures are plotted as the
change from baseline temperatures before MDMA administration.
Asterisks indicate that P < 0.01 when compared with wild-type
controls. ¢, Percentage of mice surviving MDMA administration
(circles, 20 mg kg™ "; squares, 40 mg kg~ "): filled symbols, wild-
type mice; open symbols, UCP-3~"~ mice. UCP3™'~ mice were
provided by M. Reitman. Further experimental details are available
from the authors.
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who take excessive amounts of MDMA
varies, and this variation could relate to the
uncoupling activity of their skeletal muscle.
For example, it is known that thyroid-hor-
mone treatment can exacerbate the hyper-
thermic effects of amphetamines'® and that
UCP-3 is upregulated by thyroid hormone'".
Itis possible that UCP-2 and/or UCP-3 could
also mediate the toxicity of agents such as
ephedrine, methamphetamine and cocaine,
recreational stimulants that can produce a
similar hyperthermic response and which
are related to MDMA. Our demonstration
that UCP-3 is a molecular mediator of the
thermogenic response to ecstasy suggests
that agents designed to target uncoupling
proteins could provide the basis for an
important new therapeutic direction.
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Imaging by flat lens
using negative refraction

he positive index of refraction in con-
ventional optical lenses means that
they must have curved surfaces to form
an image, whereas a negative index of
refraction allows a flat slab of a material to
behave as a lens and focus electromagnetic
waves to produce a real image'. Here we
demonstrate this unique feature of imaging
by a flat lens, using the phenomenon of
negative refraction in a photonic crystalline
material. The key advance that enabled this
observation is the design of a photonic
crystal® that has suitable dispersion charac-
teristics to achieve negative refraction over a
wide range of angles.
Although negative refraction has been
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Figure 1 Imaging by a flat lens. a, Microwave electric-field-inten-
sity map on a cross-sectional view of the two-dimensional source
(left)-image (right) system for the flat lens. b, Displacement of the
image by 4 cm when the source is moved up by the same dis-
tance. Both panels are to scale, corresponding to dimensions
37.5 c¢m x 30.0 cm. The intensity scale on the source side varies
from — 20 dB (yellow) to — 48 dB (black), and on the image side
from —30dBto —75dB.

demonstrated at microwave frequencies in a
quasi-homogeneous metamaterial®, imaging
by a flatlens is severely constrained because of
large dissipation®® and anisotropy in the
metamaterial. Plane-wave negative refraction
at specific incident angles has been demon-
strated at microwave frequencies by using a
metallic photonic crystal prism’ and a dielec-
tric photonic crystal’. However, to focus a
diverging beam from a point source, it is nec-
essary for the material to exhibit all-angle neg-
ative refraction’ as well as low absorption.
Figure 1a shows the image of a microwave
point source of frequency 9.3 gigaherz
(GHz) (wavelength 3.22 cm) placed at a dis-
tance of 2.25 cm from a two-dimensional flat
lens made of a photonic crystal fabricated
from an array of cylindrical alumina rods
(see supplementary information). On the far
side,ahigh-qualityimageisseenata distance
of 2.75 cm. Note that for the sub-wavelength
source there is an image of similar size. This
image is observed onlyin a narrow frequency
range, between 9.0 and 9.4 GHz, with the
best focus at 9.3 GHz. Outside this narrow
band, at all other frequencies between 2 and
12 GHz,a single focus pointis not seen.
These observations can be understood by
examining the band structure of the photon-
ic crystal and corresponding equi-frequency
surfaces (EFS), from which an effective
refractive index, .4, can be defined and cal-

culated’. In the present geometry, the central
axis of the diverging beam is along the (1,0)
direction of the square lattice crystal. Just
below the top of the second band, between
9.0 and 9.4 GHz, the EFS move inward with
increasing frequency, consistent with a nega-
tive effective index of refraction. The condi-
tion for negative refraction n.(6) <0 holds
for a diverging beam of sufficiently large
angle, enabling formation of the image. Fig-
ure 1 therefore also represents a demonstra-
tion of wide-angle negative refraction by a
photonic crystal.

The effective refractive index is necessari-
ly angle-dependent. Inside the crystalline
lens, the electromagnetic field is highly mod-
ulated and simple ray diagrams applicable in
homogeneous media cannot be employed.
However, upon emerging, the waves create a
focus of the divergent beam emanating from
the point object.

The unique properties of the flat lens
described here lead to entirely new perspec-
tives on imaging and potentially to new
applications. A particular advantage of the
photonic crystalline material is its scalability
to submicron dimensions, ensuring several
possible applications from microwave to
optical frequencies.
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