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A thalamic input to the nucleus accumbens 
mediates opiate dependence
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Chronic opiate use induces opiate dependence, which is 
characterized by extremely unpleasant physical and emotional 
feelings after drug use is terminated. Both the rewarding effects 
of a drug and the desire to avoid withdrawal symptoms motivate 
continued drug use1–3, and the nucleus accumbens is important 
for orchestrating both processes4,5. While multiple inputs to the 
nucleus accumbens regulate reward6–9, little is known about the 
nucleus accumbens circuitry underlying withdrawal. Here we 
identify the paraventricular nucleus of the thalamus as a prominent 
input to the nucleus accumbens mediating the expression of opiate-
withdrawal-induced physical signs and aversive memory. Activity in 
the paraventricular nucleus of the thalamus to nucleus accumbens 
pathway is necessary and sufficient to mediate behavioural aversion. 
Selectively silencing this pathway abolishes aversive symptoms 
in two different mouse models of opiate withdrawal. Chronic 
morphine exposure selectively potentiates excitatory transmission 
between the paraventricular nucleus of the thalamus and D2-
receptor-expressing medium spiny neurons via synaptic insertion 
of GluA2-lacking AMPA receptors. Notably, in vivo optogenetic 
depotentiation restores normal transmission at these synapses and 
robustly suppresses morphine withdrawal symptoms. This links 
morphine-evoked pathway- and cell-type-specific plasticity in the 
paraventricular nucleus of the thalamus to nucleus accumbens 
circuit to opiate dependence, and suggests that reprogramming this 
circuit holds promise for treating opiate addiction.

To systematically map brain regions that directly innervate the 
nucleus accumbens (NAc), we stereotaxically injected a rabies virus in 
which the viral glycoprotein was replaced by red fluorescent protein 
mCherry (RV-mCherry) into the medial shell of the NAc10,11. Besides 
well-characterized inputs to the NAc, such as the prefrontal cortex, 
ventral hippocampus and basolateral amygdala (BLA)8,10,12 (Extended 
Data Fig. 1a), we also detected mCherry-expressing neurons in the 
paraventricular nucleus of the thalamus (PVT) (Fig. 1a and Extended 
Data Fig. 1b). This result was particularly interesting because although 
previous studies have suggested a potentially important role for the 
PVT in drug-seeking behaviour, its underlying circuitry mechanism 
remains unknown13–15.

To characterize the PVT to NAc connection, we injected channel-
rodopin2-expressing adeno-associated virus (AAV-ChR2) into the 
PVT, then prepared acute NAc slices containing ChR2-expressing 
terminals from the PVT16 (Extended Data Fig. 2a). Brief light stimu-
lation (3–5 ms) elicited reliable firing of action potentials up to 20 Hz 
in ChR2-expressing PVT neurons (Extended Data Fig. 2b). The same 
stimulation also evoked robust α-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid receptor (AMPAR)-mediated excitatory post-
synaptic currents (EPSCs) in medium spiny neurons (MSNs), as it was 
blocked by bath application of a competitive AMPAR antagonist CNQX 
(Extended Data Fig. 2c). Light stimulation also evoked picrotoxin- 
sensitive inhibitory postsynaptic currents (IPSCs) (Extended Data 
Fig. 3b). Because the PVT contains few, if any, GABAergic neurons 
(Extended Data Fig. 3a), it is likely that these IPSCs were caused by 

feed-forward inhibition in a local NAc circuit. Consistent with this 
prediction, PVT activation-evoked IPSCs had a longer delay than that 
of the EPSCs, and the IPSCs were blocked by CNQX (Extended Data 
Fig. 3c, d).

Activation of inputs from the prefrontal cortex, ventral hippocampus 
and BLA to the NAc is rewarding and drives self-stimulation behav-
iour8,9. To directly assess the behavioural consequences of PVT→NAc 
circuit activity, we optogenetically activated this pathway in freely  
moving mice and examined their motivational valence using a real-
time place preference assay (Fig. 1b, Methods and Extended Data 
Fig. 4). Strikingly, optogenetic activation of the PVT→NAc pathway 
reduced the time spent in the chamber paired with light stimulation 
(Fig. 1c). This indicates that, unlike other major inputs to the NAc, 
activation of the PVT→NAc pathway is aversive rather than rewarding.  
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Figure 1 | In vivo optical activation of the PVT→NAc pathway evokes 
behavioural aversion. a, Left: cluster of retrogradely labelled cells was 
observed in the PVT 5 days after injection of RV-mCherry into the medial 
shell of the NAc (n = 7). Scale bar, 500 μm; inset shows the RV-mCherry 
injection site. Right: magnified image shows the morphology of labelled 
neurons in the boxed area. Scale bar, 50 μm. D, dorsal; L, lateral; 3V, third 
ventricle; DG, dentate gyrus. b, Schematics of in vivo manipulation of the 
PVT→NAc circuit in behaving animals. c, Representative real-time place 
preference tracks illustrate light-evoked behavioural aversion in ChR2-
expressing mice (bottom, n = 10) but not in eGFP-expressing control  
mice (top, n = 8). d, Quantification of light-evoked aversion and its effect 
by intra-NAc pharmacological manipulations. Intra-NAc infusions of 
NBQX (AMPAR antagonist, 1.0 μg in 200 nl, n = 8) but not saline (n = 10),  
SCH23390 (D1R antagonist, 0.2 μg in 200 nl, n = 8) or raclopride (D2R 
antagonist, 0.3 μg in 200 nl, n = 8) abolished behavioural aversion evoked 
by optical stimulation of the PVT→NAc fibres. One-way analysis of 
variance (ANOVA) (F(4,37) = 29.61, P < 0.0001) followed by post-hoc 
Tukey’s test. ***P < 0.001. Mean ± s.e.m.

© 2016 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/nature16954


2 2 0  |  N A T URE    |  V O L  5 3 0  |  1 1  F e b r u a r y  2 0 1 6

LetterRESEARCH

Avoidance of the light-paired chamber was dependent on local glu-
tamatergic but not dopaminergic transmission in the NAc. Intra-
NAc infusion of AMPAR antagonist NBQX abolished the avoidance 
behaviour, while intra-NAc infusion of D1 receptor (D1R) antagonist 
SCH23390 or D2 receptor (D2R) antagonist raclopride had no effect 
(Fig. 1d). These results demonstrate that the PVT→NAc pathway trans-
mits negative valence, and reveal an input-specific mechanism driving 
motivated behaviour in the NAc.

Since activation of the PVT→NAc pathway evoked an aversive 
response, this pathway could be instrumental for the negative symp-
toms of drug withdrawal. To test this, we selectively silenced the 
pathway in two different models of opiate withdrawal and exam-
ined withdrawal-induced physical signs and place aversion. We used 
optogenetic terminal silencing by injecting an archaerhodopsin-3 
(ArchT)-expressing AAV into the PVT and bilaterally implanting 
fibre guide cannulae in the NAc17 (Extended Data Fig. 4). Two weeks 
after surgery, mice were rendered opiate dependent via daily intra-
peritoneal (i.p.) injections of morphine in their home cage with doses 
escalating from 10 to 50 mg per kg body weight18 (Fig. 2a). Two hours 
after the final morphine treatment, we injected naloxone, a μ-opioid 
receptor antagonist (5 mg per kg body weight, i.p.), and confined the 
mice to one side of a two-compartment conditioned place aversion 
(CPA) training chamber3. This naloxone dose evoked strong negative 
somatic signs and robust avoidance to the withdrawal chamber in  
morphine-dependent mice, but not in drug-naive mice (Extended Data  
Fig. 5). Moreover, injection of naloxone in chronic morphine-treated 
mice elicited robust expression of c-Fos, a marker for recent neuronal 
activity, in the PVTNAc projection neurons, which were labelled by 
injecting of retrograde tracer CTB-488 into the NAc (Fig. 2b, c and 
Extended Data Fig. 6a, b). Remarkably, constant bilateral optogenetic 
silencing of the PVT→NAc pathway during naloxone-precipitated 
withdrawal suppressed somatic signs of opiate dependence and learned 
place-aversion (measured 1 and 7 days after withdrawal) (Fig. 2d, e).

Opiate withdrawal in humans often results from cessation or reduc-
tion of opiate use, rather than blockade of opioid receptors, and this 
process can also be modelled in mice2,19. Spontaneous opiate with-
drawal also evoked expression of c-Fos in PVTNAc projection neurons 
(Extended Data Fig. 6b, c). To measure aversive motivational states 
during spontaneous opiate withdrawal, mice were confined for 45 min 
to one side of a CPA training chamber 16 h after each morphine injec-
tion. After four training sessions, mice developed aversion to the with-
drawal chamber. We employed inhibitory designer receptors exclusively 
activated by designer drugs (DREADD; AAV-hM4Di) to selectively 
silence the PVT→NAc pathway during each 45 min CPA training 
trial20,21 (Fig. 2f and Methods). Local infusion of clozapine-N-oxide 
(CNO, 3 μM) into the NAc before each CPA training session reduced 
the CPA score in AAV-hM4Di but not enhanced green fluorescent 
protein (eGFP)-expressing AAV (AAV-eGFP) transduced mice  
(Fig. 2g). PVT→NAc pathway silencing had no effect on morphine- 
induced locomotor activity, a measure of acute psychoactive drug 
effects7 (Fig. 2h). Interestingly, the PVT→NAc circuit has roles beyond 
controlling the expression of physical and emotional negative states 
after opiate withdrawal. Mild footshock and i.p. injection of LiCl also 
evoked robust expression of c-Fos in PVTNAc projection neurons, and 
silencing the pathway during conditioning suppressed the ability of 
either stimulus to evoke behaviour aversion (Extended Data Fig. 7).

Chronic opiate use causes profound neuroadaptive changes in the 
NAc22,23. The NAc comprises two major subtypes of MSN, defined 
by the expression of either D1 or D2 dopamine receptors (D1- or 
D2-MSNs). D1- and D2-MSNs are proposed to play opposing roles in 
mediating behavioural motivation and reward learning24,25, and syn-
aptic plasticity of these MSNs appears to be causally involved in behav-
ioural adaptations to drug addiction and chronic pain states6,7,26. Since 
the PVT→NAc pathway transmits negative valence and mediates opiate  
withdrawal symptoms, we anticipated that chronic morphine exposure 
might cause plasticity of the PVT input selectively onto D2-MSNs.

To directly examine morphine-induced synaptic plasticity of the 
PVT input onto identified NAc MSNs, we prepared brain slices from 
transgenic animals expressing fluorescent proteins under the control 
of the D1R or D2R promoter, with PVT neurons infected with AAV-
ChR2 (Fig. 3a). To reduce experimental variability between slices, 
we measured the ratio of light-evoked AMPAR-mediated EPSCs to 
N-methyl-d-aspartate receptor (NMDAR)-mediated EPSCs (AMPAR/
NMDAR ratio) in the same MSN. Consistent with our hypothesis, the 
escalating morphine regimen increased this ratio in D2-MSNs but 
not in D1-MSNs (Fig. 3b, c and Extended Data Fig. 8a, b). In con-
trast, presynaptic release probability was not changed in either type 
of MSN, as measured by the paired-pulse ratio of light-evoked EPSCs 

Figure 2 | The PVT→NAc pathway is required for expression of 
aversive withdrawal symptoms. a, Experimental timeline for b–e.  
b, Confocal images showing that naloxone-precipitated withdrawal 
induced robust expression of c-Fos (red) in the PVTNAc projection neurons 
(green) that were retrogradely labelled by injection of CTB-488 into the 
medial shell of the NAc (n = 6). Left: scale bar, 100 μm. Right: magnified 
image shows the boxed area; scale bar, 50 μm. c, Percentage of PVTNAc 
projection neurons expressing c-Fos. Naloxone (grey bar, n = 6) but not 
saline (white bar, n = 5) injection evoked significant expression of c-Fos 
in the PVTNAc projection neurons. Mann–Whitney U-test. **P < 0.01. 
d, e, Quantification of naloxone-precipitated withdrawal behaviours 
and CPA score. Light stimulation in ArchT- (green bar, n = 10) but not 
eGFP- (white bar, n = 9) expressing mice during withdrawal significantly 
reduces the number of jump, rearing and tremor events (d) as well as the 
expression of CPA (e). Mann–Whitney U-test. *P < 0.05, **P < 0.01. 
f, CNO (3 μM) inhibits light-evoked synaptic current recorded from 
postsynaptic MSNs (n = 5). Inset shows example light-evoked EPSC traces 
before (black) and after (red) perfusion of CNO. Wilcoxon signed-rank 
test. *P < 0.05. Scale bar, 20 pA, 25 ms. g, Spontaneous opiate withdrawal 
induced CPA was reduced by local infusion of CNO in hM4Di- (red, n = 8) 
but not eGFP- (black, n = 8) expressing mice, or local infusion of saline in 
hM4Di- (magenta, n = 8) expressing mice. One-way ANOVA (F(2,21) = 7.4, 
P < 0.01) followed by post-hoc Tukey’s test. *P < 0.05, **P < 0.01. h, Light 
stimulation has no effect on locomotor velocity in either saline- (n = 9, 
P = 0.57) or morphine- (n = 9, P = 0.5) injected animals. Wilcoxon  
signed-rank test. Mean ± s.e.m.
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in morphine-dependent mice (Extended Data Fig. 9). These results 
suggested that chronic morphine treatment caused a change in postsyn-
aptic function. One plausible mechanism of drug-induced postsynaptic 
change is the insertion of GluA2-lacking calcium-permeable AMPAR 
(CP-AMPAR) in the affected NAc synapses27. Compared with other 
AMPARs, CP-AMPARs have a larger conductance and show inward 
rectification at positive membrane potentials. In morphine-treated 
mice, we observed a significant increase in the rectification index selec-
tively at PVT→D2-MSN synapses, but not at PVT→D1-MSN synapses 
(Fig. 3d, e). Interestingly, the AMPAR/NMDAR ratio at BLA→NAc 
synapses, which are part of a pathway that drives reward-seeking behav-
iour, was not changed by the same morphine treatment (Extended 
Data Fig. 8c–e). Collectively, these results indicate that the morphine 
regimen strengthened the PVT input selectively onto D2-MSNs via 
synaptic insertion of CP-AMPARs.

If morphine-induced potentiation of the PVT→D2-MSN synapses 
is essential for the expression of opiate withdrawal symptoms, then 
depotentiating these synapses in vivo to restore its normal trans-
mission should relieve those symptoms. To test this prediction, we 
employed long-term depression (LTD)-based in vivo manipulation of 
the PVT→D2-MSN synapses by photostimulating ChR2-expressing 
PVT terminals in the NAc at 1 Hz for 15 min6,7,28 (Fig. 4a). We applied 
this in vivo optogenetic LTD induction protocol in chronic mor-
phine-treated mice, then prepared NAc slices to record photocurrents 
on visually identified D1- and D2-MSNs. Indeed, this light treatment 
reduced the AMPAR/NMDAR ratio, and rectified the AMPAR cur-
rent at PVT→D2-MSN synapses to a level comparable to baseline 
transmission, but did not change the paired-pulse ratio (Fig. 4b–e and 
Extended Data Figs 8 f, g and 9). Treating morphine-dependent mice 
with this optogenetic LTD protocol 45 min before naloxone injection 

(Fig. 4f) reduced the immediate expression of withdrawal behav-
ioural symptoms and the aversive memory of the withdrawal chamber  
(Fig. 4g, h). This 1 Hz optogenetic stimulation had no effect on the plas-
ticity at PVT→D1-MSN synapses (Fig. 4b–e). Together, these results 
establish a causal link between plasticity at PVT→D2-MSN synapses 
and the negative somatic and motivational states that accompany opiate 
withdrawal.

Complementary to previous studies that highlight the contribution 
of the prefrontal cortex, BLA, and ventral hippocampus inputs to the 
NAc in mediating drug reward and their plasticity onto D1-MSNs after 
chronic drug exposure, here we show that the PVT input transmits neg-
ative valence and its plasticity at PVT→D2-MSN synapses is necessary 
for the expression of aversive states associate with opiate withdrawal. 

Figure 3 | Morphine-induced potentiation at the PVT→D2–MSN 
synapses. a, Image of a NAc slice from a D1–TdTomato and D2–eGFP 
double transgenic mouse (n = 5). Scale bar, 50 μm. b, c, Example traces (b)  
and quantification (c) of light-evoked EPSCs at −70 mV and +40 mV 
show that chronic morphine treatment significantly increased the 
AMPAR/NMDAR ratio in D2-MSNs (saline/morphine, n = 13/16 cells), 
but not D1-MSNs (saline/morphine, n = 14/14 cells). Two-way ANOVA 
(F(1,53) = 12.58, P < 0.001) followed by post-hoc Tukey’s test. ***P < 0.001. 
For comparison, EPSC amplitudes are normalized to peaks at +40 mV. 
Filled dots indicate the current amplitude used for calculating the 
AMPAR/NMDAR ratio. Scale bar, 300 pA, 50 ms. d, e, Example traces  
(d, left), I/V curve (d, right) and quantification (e) of light-evoked AMPAR 
EPSCs at −70 mV, 0 mV and +40 mV show that morphine treatment 
selectively increased the rectification index of AMPAR EPSCs in D2-MSNs 
(saline/morphine, n = 7/10 cells), but not D1-MSNs (saline/morphine, 
n = 8/9 cells). Two-way ANOVA (F(1,30) = 9.87, P < 0.01) followed by 
post-hoc Tukey’s test. **P < 0.01. For comparison, amplitudes of AMPAR 
EPSCs are normalized to peaks at −70 mV. Scale bar, 250 pA, 50 ms. 
Mean ± s.e.m.
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We further demonstrate that optogenetic restoration of normal synaptic 
transmission at these synapses effectively relieves withdrawal symp-
toms. Our optogenetic LTD protocol may inspire the development of 
novel treatments for opiate addiction involving deep brain stimulation 
to induce plasticity at relevant synapses29.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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