
P A T R I C I A  J A N A K 

Drugs of abuse have complex pharma-
cological effects that trigger many 
changes in brain function. One of 

these effects, the direct or indirect activation 
of neurons that release the neurotransmitter 
dopamine, is common to all drugs of abuse 
and has long been assumed to contribute to 
the development of addiction. On page 366, 
Pascoli et al.1 report on the neurobiological 
mechanisms induced by the repeated activa-
tion of dopamine neurons that might explain 
why some drug users seek reward despite 
facing negative consequences — a type of com-
pulsive behaviour that is a defining feature of 
human addiction2.

The authors took an optogenetics approach 
to mimic the activation of the brain’s dopamine 
systems by drugs of abuse: they used laser light 
delivered through an optical fibre to activate 
dopamine neurons in the ventral tegmental 
area (VTA) of the brains of genetically engi-
neered mice. The mice could directly stimulate 
these neurons themselves by pressing a lever, 
and performed this action avidly during a test 

period of 40 minutes a day for almost 2 weeks.
On subsequent days, the mice received a 

brief electric shock to their feet on one-third of 
the lever-pressing occasions, at random. Their 
behaviour under this condition revealed an 
intriguing variability: 40% of the mice (termed 
renouncers) greatly reduced the frequency 
of lever-pressing when given foot shocks 
(Fig. 1a), whereas the remaining 60% (perse-
verers) were willing to receive painful punish-
ment for the opportunity to self-stimulate their 
dopamine neurons (Fig. 1b). As some of these 
authors have previously shown3, the persever-
ing mice provide a model for persistent drug 
use despite negative consequences, and parallel 
the subset of human drug users whose drug 
use becomes compulsive.

The authors next tried to determine what 
was different between the brains of perseverers 
and renouncers. They measured the activity 
of neurons connecting different brain areas in 
real time to determine which networks were 
active when mice pressed the lever. Communi-
cation between the orbitofrontal cortex (OFC), 
an area involved in decision-making, and the 
dorsal striatum, which is engaged in voluntary 

to process X-ray-diffraction data. The entry 
barrier for any structural biologist or chemist 
wanting to use MicroED is therefore low. But 
chemists might need to compete for time on 
electron microscopes with their colleagues in 
biology departments.

Ultimately, the adoption of MicroED 
might depend on what percentage of small 
molecules are amenable to the technique. 
Previous work3 in which MicroED was used 
to solve protein structures from microcrystals 
suggests that there is no limitation on molecu-
lar size — it should work for everything from 
small organic molecules to large, multiprotein 
complexes. Nevertheless, MicroED does not 
remove the need for crystals, and not every 
molecule will crystallize. The technique is also 
unable to distinguish between mirror-image 
isomers of molecules, which is a drawback 
because such isomers can have very different 
biological properties.

Should the technique take off, the next 
step will be to develop electron microscopes 
specifically for small-molecule analysis. These 
microscopes would be the same as those cur-
rently used in structural biology, but would 
have detectors that are optimized for electron 
diffraction, and stages that have a greater tilt 
range and that can be more finely controlled. 
The development of systems for automated 
data collection and structure determination 
would allow the rapid, routine determina-
tion of structures from complex mixtures. 
Given that data collection is fast (a whole data 
set can be collected from one microcrystal in 
just three minutes), many thousands of crys-
tals could be imaged from a single sample of 
material.

Small-molecule MicroED might also teach 
us a lot about how electrons interact with 
matter. Unlike X-rays, which interact only with 
electron clouds in molecules, electrons inter-
act with both protons and electrons. Finally, 
knowledge gained from small-molecule struc-
tures solved at atomic resolution should help to 
improve the quality of all structures solved by 
cryo-EM methods, from small-molecule drugs 
to multiprotein biological machines. ■
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N E U R O S C I E N C E

Brain circuits of 
compulsive addiction
A study in mice identifies a brain adaptation that underlies the compulsive 
behaviour associated with drug addiction, and which might explain why some 
drug users behave compulsively whereas others do not. See Article p.366
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Figure 1 | Compulsive activation of dopamine neurons in the brain. In the study by Pascoli et al.1, 
mice pressed a lever to activate dopamine-releasing neurons through the delivery of laser light conducted 
by an optical fibre. These neurons, which project from the ventral tegmental area (VTA) to the ventral 
striatum in the brain, are associated with reward. a, Some mice, termed renouncers, reduced the lever-
pressing behaviour when it was associated with a painful electric shock to their feet. The strength of the 
connections between neurons of the orbitofrontal cortex (OFC) projecting to the dorsal striatum was low 
in these mice. b, Other mice, termed perseverers, continued to press the lever despite the punishment — a 
hallmark of compulsive behaviour. The neural connections between the OFC and the dorsal striatum 
were stronger in these mice than in renouncers. When the authors weakened these connections in 
persevering mice, the animals’ compulsive behaviour decreased (not shown).
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of dopamine neurons by drugs of abuse? There 
are obvious differences between quickly 
switching a laser on and off during opto genetic 
stimulation and the slower onset and longer 
duration of drug action. Nevertheless, the 
authors previously showed4 that cocaine intake 
and optogenetic activation induce almost iden-
tical adaptations in dopamine neurons and 
their immediate downstream targets, provid-
ing a strong rationale for the experimental 
approach used in the current study. 

Why does the self-stimulation of dopamine 
neurons lead to compulsive behaviour in 
only a subset of individuals? Persevering and 
renouncing mice self-stimulated for approxi-
mately the same time and with a similar num-
ber of events before foot-shock punishments 
began, yet the brains of the two groups seem 
to have changed in divergent ways. The VTA 
dopamine neurons stimulated by the mice do 
not connect directly to the OFC or the dorsal 
striatum, so the link between these regions 
must involve multiple synaptic connec-
tions. A multisynaptic route through which 
the activation of VTA dopamine neurons 
might cause changes in the dorsal striatum 
has previously been described5, and has been 
proposed to underlie transitions from non-
compulsive to compulsive drug-taking6,7. 
Pre-existing differences in this multisyn-
aptic circuit might explain why compulsive 
behaviour, and the related changes in synaptic 

connections, occur in only some mice. 
Synaptic changes can last for days, years or 

even a lifetime. Might the changes discovered 
by Pascoli et al. form the basis of an endur-
ing behavioural change that is a hallmark of 
drug addiction? Resolving this question will 
require experimental evidence that drug 
self-administration despite negative conse-
quences occurs through strengthening of the 
connections between the OFC and the dorsal 
striatum, and that it is indeed the activation of 
dopamine systems that sets in motion a chain 
of neural events that culminates in compulsive 
drug-taking. ■
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action, increased before lever-pressing in mice 
that were willing to obtain shocks along with 
dopamine self-stimulation. Optogenetic inhi-
bition of this neural pathway turned persever-
ing mice into renouncing mice. This finding 
shows that the increased activity of neurons 
projecting from the OFC to the dorsal striatum 
was necessary for this form of compulsive acti-
vation of dopamine neurons.

However, this behavioural switch was only 
temporary: when optogenetic inhibition was 
turned off, the compulsive behaviour resumed 
in persevering mice. The authors reasoned that 
long-lasting changes at the synapses — the 
junctions between neurons — that connect 
OFC and dorsal striatum neurons could arise 
as a result of the many days of self-stimula-
tion of dopamine neurons. If these changes 
occurred only in persevering mice, this would 
explain their persistent compulsive behaviour.

If this hypothesis is true, the strength of 
synaptic connections between OFC and 
dorsal striatum neurons should be greater 
in perseverers than in renouncers, enabling 
better activation of dorsal striatum neurons 
by OFC neurons. Indeed, Pascoli et al. went 
on to show that the strength of the synapses 
between OFC neurons and dorsal striatum 
neurons had increased in persevering mice 
(Fig. 1). Renouncers, along with mice that had 
never been exposed to the experimental set-
up and mice that received shocks but were not 
allowed to use the lever, all showed low synap-
tic strength between OFC and dorsal striatum 
neurons. 

Remarkably, the authors found that compul-
sive behaviour could be suppressed or induced 
by respectively decreasing or increasing the 
strength of this neural connection. Weakening 
of the synaptic connections between the OFC 
and the dorsal striatum in persevering mice 
reduced their willingness to self-stimulate in 
the face of a possible foot shock. Conversely, 
renouncers could be turned into perseverers by 
increasing the strength of these synaptic con-
nections. In contrast to the temporary reversal 
observed after optogenetic inhibition of OFC 
neurons projecting to the dorsal striatum, 
these changes in synaptic strength induced a 
behavioural switch that persisted for six days. 

Pascoli et al. have discovered a neuro-
adaptation that allows mice to override a 
painful stimulus to continue activating their 
dopamine neurons. The chronic consumption 
of drugs of abuse in humans leads to repeated 
activation of the same dopamine-reinforce-
ment circuit, so a similar neuroadaptation 
might cause them to continue taking drugs 
despite the negative consequences. To test this 
proposition, we should determine whether 
changes in the strength of the connections 
between OFC and dorsal striatum neurons 
mediate compulsive behaviour in mice press-
ing a lever to receive cocaine, amphetamines 
or opioids in the face of a possible foot shock. 

Does the optogenetic stimulation of dopa-
mine neurons accurately mimic the activation 

C O N D E N S E D - M AT T E R  P H Y S I C S

Elusive torque sensed 
by liquid crystals
Almost half a century ago, it was predicted that the confinement of quantum 
fluctuations could induce mechanical rotation — the Casimir torque. This 
prediction has now been confirmed using liquid crystals. See Letter p.386

S L O B O D A N  Ž U M E R

Quantum physics tells us that empty 
space is filled with fluctuating elec-
tromagnetic fields. If two metal plates 

are positioned close to each other, the quan-
tum fluctuations between the plates differ 
from those outside the plates, producing a 
force that pushes the plates closer together. 
This phenomenon is known as the Casimir 
effect. In 1972, it was suggested1 that quantum 
fluctuations could also generate a turning 
effect, called a torque, if the metal plates were 
replaced by materials that are optically ani-
sotropic — that is, their optical properties,  
sensed by a light beam, depend on the beam’s 
direction. On page 386, Somers et al.2 report 
experimental evidence for this Casimir torque 
through the twisting of liquid crystals. The 

discovery paves the way for the development 
of complex micrometre- and nanometre-scale 
mechanical devices.

Following the prediction of the Casimir effect 
between two ideal metal plates3, the concept was 
extended to real materials, such as conventional 
metals and electrical insulators known as dielec-
trics4. The Casimir effect can be explained by a 
restriction in the quantum and thermal fluctua-
tions that can exist between the boundaries of 
two materials, leading to a weak attractive force. 
This force is maximal if the confining bounda-
ries are identical, and is smaller — or can even 
be repulsive — if the boundaries differ in their 
electrical properties or shape5.

Because of the weakness of the Casimir 
force and its strong dependence on confining 
boundaries, it was nearly 50 years before solid 
experimental confirmation of the Casimir 
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