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Dual action of ketamine confines addiction 
liability

Linda D. Simmler1,3, Yue Li1,3, Lotfi C. Hadjas1, Agnès Hiver1, Ruud van Zessen1 & 
Christian Lüscher1,2 ✉

Ketamine is used clinically as an anaesthetic and a fast-acting antidepressant, and 
recreationally for its dissociative properties, raising concerns of addiction as a possible 
side effect. Addictive drugs such as cocaine increase the levels of dopamine in the nucleus 
accumbens. This facilitates synaptic plasticity in the mesolimbic system, which causes 
behavioural adaptations and eventually drives the transition to compulsion1–4.  
The addiction liability of ketamine is a matter of much debate, in part because of its 
complex pharmacology that among several targets includes N-methyl-d-aspartic acid 
(NMDA) receptor (NMDAR) antagonism5,6. Here we show that ketamine does not induce 
the synaptic plasticity that is typically observed with addictive drugs in mice, despite 
eliciting robust dopamine transients in the nucleus accumbens. Ketamine nevertheless 
supported reinforcement through the disinhibition of dopamine neurons in the ventral 
tegmental area (VTA). This effect was mediated by NMDAR antagonism in GABA 
(γ-aminobutyric acid) neurons of the VTA, but was quickly terminated by type-2 dopamine 
receptors on dopamine neurons. The rapid off-kinetics of the dopamine transients along 
with the NMDAR antagonism precluded the induction of synaptic plasticity in the VTA and 
the nucleus accumbens, and did not elicit locomotor sensitization or uncontrolled 
self-administration. In summary, the dual action of ketamine leads to a unique 
constellation of dopamine-driven positive reinforcement, but low addiction liability.

Ketamine is a club drug that is classified as a schedule III substance 
by the US Food and Drug Administration, and as a class B drug in the 
UK, owing to its putative addiction liability. Although at present it is 
rarely used as an anaesthetic, the debate as to what extent ketamine 
can cause a loss of control and compulsion has re-emerged now that the 
molecule is more widely used as a fast-acting antidepressant. Studies 
in rodents suggest that ketamine presents a risk for addiction because 
early microdialysis experiments revealed that it induces a general 
increase of dopamine in the nucleus accumbens (NAc)7–9 — a hallmark 
of addictive drugs, including cocaine4. Moreover, behavioural studies 
suggest that ketamine is rewarding and reinforcing in rats10–13, another 
characteristic that it has in common with addictive drugs. Ketamine 
has many pharmacological targets6, among which it has the highest 
affinity for NMDARs (antagonist)5. The long-term effects of ketamine 
on mesolimbic reward circuits and behaviour, however, remain elusive. 
For example, we do not know whether ketamine induces the synaptic 
plasticity that is typically evoked by addictive drugs, which drives early 
adaptive behaviour and eventually compulsion14,15. A single first dose 
of cocaine potentiates glutamatergic synapses onto dopamine neu-
rons in the VTA (ref. 16), expressed by the insertion of Ca2+-permeable 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) recep-
tors (AMPARs)17,18. This redistribution of receptors in the VTA serves 
as a permissive metaplasticity that, with repeated drug exposure, is 
reflected in a strengthening of excitatory synapses onto type-1 dopa-
mine receptor (D1R)-expressing medium spiny neurons (D1-MSNs) in 

the NAc19–21, and eventually synaptic plasticity in the dorsal striatum22. 
Here we use latest-generation fluorescent markers and activity indica-
tors to investigate whether ketamine increases mesolimbic dopamine, 
and to assess its effects on synapses and behaviour.

Reinforcement and dopamine increase in the NAc
In an open field, a single dose of 30 mg kg−1 ketamine enhanced loco-
motion similarly to a dose of cocaine (15 mg kg−1; Fig. 1a,b). We next 
tested the rewarding and reinforcing properties of ketamine (Fig. 1c). 
Mice readily self-administered the drug (1 mg per kg per infusion in a 
2-h short access protocol), taking a comparable number of infusions 
to that of cocaine (0.75 mg per kg per infusion; Fig. 1d,e and Extended 
Data Fig. 1). Given this behavioural hallmark, we measured dopamine 
using a genetically encoded dopamine sensor (dLight1.1; Fig.1f). A single 
intraperitoneal injection of ketamine elicited dopamine transients in 
the NAc that were similar in magnitude, but of shorter duration, than 
those elicited by cocaine (Fig. 1g). The area under the curve (AUC) of the 
dopamine transients increased in a dose-dependent manner (Extended 
Data Fig. 2).

Disinhibition of VTA dopamine neurons
To test the effects of ketamine on neuronal activity, we monitored the 
fluorescence of a genetically encoded Ca2+ sensor (GCaMP6m; Fig. 2a) 
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in dopamine and GABA neurons of the VTA. Intraperitoneal injection of 
ketamine led to an increase in the activity of dopamine neurons for 5 min 
(Fig. 2b), consistent with the fast kinetics that were observed for dopa-
mine release in the NAc (Fig. 1g). By contrast, and as expected, cocaine 
decreased the activity of dopamine neurons in the VTA (Fig. 2b), owing 
to the activation of inhibitory D2 autoreceptors23. In VTA GABA neurons, 
we observed that ketamine induced a strong and sustained inhibition 
(Fig. 2c), whereas cocaine did not affect the activity of these neurons. 
This suggests that ketamine induces a primary inhibition of VTA GABA 
neurons that may cause a disinhibition, but raises the question of why 
GCaMP6m signals in VTA dopamine neurons and dLight signals in the 
NAc show a short-lived change after the injection of ketamine.

We first assessed whether NMDARs expressed on GABA cells in 
the VTA are indeed the primary targets of ketamine. We removed the 
NMDARs by deleting the obligatory subunit NR1 (Grin1) selectively from 
VTA GABA cells (Fig. 2d; validated by decreased NMDA/AMPA ratios, see 
Extended Data Fig. 3) using a Cre-dependent CRISPR–SaCas9 knock-out 
(KO) strategy24 in VGat-Cre mice. This led to the loss of the effect of keta-
mine on the activity of VTA GABA neurons (Fig. 2e), but did not affect 

fentanyl-induced GABA inhibition (Extended Data Fig. 4a,b). As a result, 
the ketamine-evoked release of dopamine in the NAc in VTA-GABA 
NR1-KO mice was reduced (Fig. 2f,g). The deletion of NMDARs in GABA 
neurons had also a small effect on cocaine-elicited dopamine transients 
(Extended Data Fig. 4e–g), possibly because of an enhanced baseline 
activity of dopamine neurons. The disinhibitory motif of the circuit 
effects of ketamine is further supported by the effect of ketamine on 
optogenetic inhibition of VTA GABA neurons, which is also reinforcing25. 
To this end, we expressed the inhibitory opsin eArch3.0 in VTA GABA 
neurons and measured dopamine transients in the NAc (Fig. 2h,i). We 
delivered 30 laser pulses of 10-s duration on the first day and injected 
a dose of ketamine (45 mg kg−1) intraperitoneally after the first 5 pulses 
on the second day (Fig. 2i). We observed that the laser-induced dopa-
mine transients in the NAc became smaller with ketamine treatment 
(Fig. 2j). This partial occlusion of laser-induced disinhibition through 
a non-saturating dose of ketamine corroborates the VTA-specific dis-
inhibitory motif for the action of ketamine on the dopamine system.

We next addressed the decay kinetics in dopamine neurons despite 
continued inhibition of VTA GABA neurons (Fig. 2c). Ketamine-evoked 
dopamine transients (Fig. 1g) and dopamine neuron activity (Fig. 2b) 
decayed within minutes. This is in contrast to fentanyl, which caused a 
long-lasting, only slowly decaying NAc dopamine transient through dis-
inhibition (Extended Data Fig. 4a–d). To investigate possible additional 
inhibitory mechanisms, we monitored the activity of dopamine neurons 
after treatment with fluphenazine-N-mustard (FNM; Fig. 3a,b). This 
irreversible D2R antagonist extended the activity of dopamine neurons 
in response to ketamine (Fig. 3c) and also reduced the cocaine-induced 
auto-inhibition of dopamine neurons (Fig. 3d). None of the interven-
tions, however, were complete; this is likely to reflect inter-individual 
variance in the effects of FNM, as we found a correlation of the FNM 
effect size for both ketamine and cocaine in a given individual (Fig. 3e).

Fast off-kinetics and NMDAR antagonism
We next screened for a form of synaptic plasticity that appears within 
hours after the first injection of an addictive drug16 by testing for the 
presence of Ca2+-permeable AMPARs in VTA dopamine neurons. Keta-
mine did not induce the inward rectification that is typical of the pres-
ence of such non-canonical AMPARs—in contrast to cocaine (Fig. 3f,g). 
To parse the temporal requirement for the induction of plasticity, we 
performed optogenetic activation of dopamine neurons in vivo for peri-
ods of increasing duration (Fig. 3h). Although 15 min of stimulation left 
the synapses unchanged, we found that 60 min of stimulation increased 
the rectification index (Fig. 3i), similar to the 2 h of stimulation reported 
previously18. This explains why, in the case of intraperitoneal injection 
of ketamine, activation of dopamine neurons for only a few minutes 
(Fig. 2b) was insufficient to induce plasticity.

The previous results suggest that the duration of dopamine neuron 
activation is a crucial predictor for the synaptic plasticity that is induced 
by ‘drugs of abuse’. Next, therefore, we investigated what would hap-
pen if ketamine acted on dopamine neurons for a longer period, by 
repeatedly injecting ketamine. To generate such a drug regimen, we 
intravenously infused ketamine or cocaine every 2 or 4 min (based 
on self-administration; Extended Data Fig. 1d; ketamine 1 mg per kg 
per infusion, cocaine 0.75 mg per kg per infusion) for 2 h to gener-
ate an increase in the levels of dopamine in the NAc of comparable 
magnitude and duration for the two drugs (Fig. 3j,k). Although for 
cocaine this protocol increased the rectification index at excitatory 
synapses onto VTA dopamine neurons, this effect was not observed 
for ketamine (Fig. 3l). An additional mechanism may thus be involved 
to explain the lack of effect of ketamine on synaptic plasticity. This 
could be ketamine antagonizing NMDARs because, in addition to an 
increase in dopamine, the activation of NMDARs is required for the 
potentiation of excitatory synapses onto VTA dopamine neurons as 
well as D1R-MSNs26. Indeed, in patch-clamp experiments, application of 
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Fig. 1 | Ketamine causes hyperlocomotion, reinforcement and increased 
dopamine in the NAc. a, Top, experimental timeline. Bottom, representative 
track plots after intraperitoneal (i.p.) injections. b, Distance travelled before 
and after i.p. injections. n (mice) = 7 (saline), 11 (ketamine) and 11 (cocaine).  
c, Schematic of self-administration apparatus. d, Number of infusions in 2 h 
across the 10 sessions taken by mice self-administering saline, ketamine (1 mg 
per kg per infusion) or cocaine (0.75 mg per kg per infusion). n (mice) = 8 
(saline), 10 (ketamine) and 8 (cocaine). e, Number of infusions averaged across 
the 10 self-administration sessions. n (mice) = 8 (saline), 10 (ketamine) and 8 
(cocaine). f, Left, schematic of virus injection and fibre implantation. Right, 
representative picture of dLight expression. Scale bar, 500 µm. g, Average NAc 
dLight response to i.p. injections. n = 12 mice. Data are mean ± s.e.m. **P < 0.01. 
For all i.p. injections, doses were 30 mg kg−1 ketamine and 15 mg kg−1 cocaine.
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ketamine at a concentration (50 µM) that corresponds to the expected 
levels in the brain in mice27–29 strongly inhibited NMDAR-mediated 
synaptic currents (Extended Data Fig. 5). As a result, ketamine also 
blocked long-term potentiation in acute brain slices (Fig. 3m). Thus,  
in repeated drug application regimens in which the rapid off-kinetics of 
ketamine-induced dopamine effects are overcome, ketamine’s NMDAR 
antagonism still prevents the induction of synaptic plasticity that is 
typically observed with addictive drugs.

No accumbal drug-evoked plasticity
As increased expression of FOS in NAc D1-MSNs is an early indication 
for drug-evoked plasticity30–32, we quantified the levels of FOS after 
a single injection of ketamine. Unlike cocaine, there was no increase 
of FOS-positive D1-MSNs with ketamine (Fig. 4a–c). We next tested 
for locomotor sensitization as an early drug-adaptive behaviour.  
We injected mice for five days, followed by withdrawal and re-exposure. 
For the initial four to five daily injections we observed a short-term 
sensitization for ketamine and cocaine (Fig. 4d–f). However, when 
tested after 7 and 30 days of withdrawal, ketamine yielded a locomotor 

response that was similar to baseline, whereas sensitization persisted 
in mice that were treated with cocaine (Fig. 4d–f). In a separate cohort, 
after 14 days of withdrawal, no drug-evoked synaptic plasticity was 
observed with ketamine, as the rectification index and AMPA/NMDA 
ratio were comparable to those in saline-treated mice (Fig. 4g–i). By 
contrast, but in line with previous reports33,34, cocaine increased the 
rectification index at medial prefrontal cortex (mPFC)-to-NAc D1-MSN 
synapses, whereas the AMPA/NMDA ratio decreased (Fig.  4g–i).  
In an attempt to test for addiction criteria that are typically reached 
by only a subset of self-administering mice35, we allowed for daily 
four-hour-long access to ketamine, increasing the lever press ratio 
(fixed ratio; FR) every four days. Although this confirmed the rein-
forcing nature of ketamine (Fig. 1d), we observed that mice reduced 
self-administration once FR2 was introduced (Fig. 4j,k). When compared 
to self-administration of cocaine, the number of infusions and active 
lever presses for ketamine was lower (Fig. 4j, k). As a consequence, the 
break point in a progressive ratio schedule was also lower than what 
we observed with cocaine (Fig. 4l), speaking to the low motivation for 
ketamine self-administration. The sporadic lever presses at the end of 
the schedule were readily suppressed by the introduction of aversive 
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air-puffs (Extended Data Fig. 6a). Air-puffs were chosen because of the 
slight analgesic effect of ketamine (Extended Data Fig. 6b). These experi-
ments highlight the absence of ketamine-evoked synaptic plasticity, and 
show that ketamine does not induce long-term locomotor sensitization 
or uncontrolled self-administration despite initial reinforcing effects.

Discussion
Here we show that sub-anaesthetic doses of ketamine increase the 
activity of VTA dopamine neurons by inhibiting NMDARs in VTA GABA 
neurons. This elicits a dopamine transient in the NAc that is terminated 

within minutes because D2Rs become activated. Like cocaine, keta-
mine reinforces initial self-administration. However, unlike cocaine, 
ketamine does not evoke drug-adaptive synaptic plasticity, long-term 
locomotor sensitization or uncontrolled self-administration. We argue 
that D2R-mediated rapid off-kinetics and NMDAR antagonism preclude 
the potentiation of excitatory synapses in the VTA and NAc, thus limit-
ing addiction liability.

The disinhibitory action of ketamine is reminiscent of the mechanism 
of action of opioids25, benzodiazepines36, γ-hydroxybutyrate (GHB)37 
and cannabinoids38, which also inhibit VTA GABA interneurons. Keta-
mine is, however, unique in that the decrease of VTA GABA activity is 
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caused by the loss of NMDAR excitation. As in interneurons elsewhere, 
NMDARs on VTA GABA neurons contribute to excitatory transmission 
at resting potential, maybe through receptors of non-canonical subunit 
composition39. A similar disinhibitory motif has been proposed in the 
mPFC, in which ketamine also inhibits GABA interneurons, such that  
the activity of pyramidal cells is disinhibited40,41. The activity of 
dopamine neurons is terminated by D2Rs42, which activate the 

G-protein-gated inwardly rectifying potassium (GIRK) family of ion 
channels, thus hyperpolarizing VTA dopamine neurons43. This could 
be a direct effect, as ketamine has been shown to act as a D2R agonist 
with an inhibition constant (Ki; defined by [3H]raclopride) of 0.5 µM 
(ref. 42, but see also ref. 44). Alternatively, it could be the consequence of 
dendritic release of dopamine, as is the case with cocaine23. However, 
fentanyl-induced release of dopamine—which also occurs through 
disinhibition—has slower off-kinetics than ketamine. This difference 
would suggest a direct action of ketamine on D2Rs, which remains 
controversial.

Many forms of drug-evoked synaptic plasticity require NMDARs for 
induction45. Moreover, there is hierarchical organization as plasticity in 
the VTA16 is permissive for plasticity in the NAc1,21 and eventually in the 
dorsal striatum22. Early drug-adaptive synaptic plasticity underlies drug 
seeking33, compulsive drug use22 and locomotor sensitization34. With 
ketamine, we observed neither synaptic plasticity in the mesolimbic 
dopamine system nor long-term locomotor sensitization. This is in line 
with previous reports of some degree of short-term sensitization46,47. 
Early forms of drug-evoked plasticity are necessary to engage the cir-
cuit organizations that eventually underlie compulsive drug seeking 
and drug taking15. As our data indicate the absence of uncontrolled 
ketamine self-administration, this strongly suggests that the addiction 
liability of ketamine is low.

The lack of drug-evoked synaptic plasticity has two reasons. First, 
with a single dose, because of its fast off-kinetics, the increase in 
dopamine was insufficient to cause plasticity in the VTA. Second, with 
repeated intravenous infusions that cause a longer-lasting increase 
in dopamine, NMDAR blockade prevented plasticity. The dual action 
that we have revealed here is relevant for therapy in humans. To treat 
depression, ketamine or its enantiomer esketamine are administered 
in sub-anaesthetic doses either as a 40-min intravenous infusion48 
(0.5 mg kg−1) or as a nasal spray (esketamine; 56–84 mg) on a bi-weekly 
basis. As the nasal spray causes an acute exposure to ketamine that is 
similar to the intraperitoneal injections in our animal model, the fast 
off-kinetics of accumbal dopamine in combination with NMDAR block-
ade may preclude drug-evoked synaptic plasticity. Even with repeti-
tive intravenous infusions that cause prolonged enhanced levels of 
dopamine, NMDAR blockade may still confine drug-adaptive plasticity.

Overall, we found that ketamine has rewarding and reinforcing 
properties as it indirectly acts on the dopamine system through circuit 
effects from local GABA neurons. The absence of drug-adaptive synaptic 
plasticity in the mesolimbic system strongly indicates that ketamine’s 
addiction liability is limited by its pharmacology, as D2R-mediated 
inhibition of dopamine neurons in the VTA explains the fast off-kinetics 
and NMDAR antagonism prevents induction mechanisms for synaptic 
changes. The insight that we provide here into the acute and chronic 
effects of ketamine on the mesolimbic dopamine system may help to 
provide a consensus on access to treatment for depression.
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Methods

Mice
C57BL/6J (wild-type) mice were purchased from Charles River. 
Drd1-Tomato (Tg(Drd1a-tdTomato)6Calak/J), DAT-Cre (Slc6a3tm1.1(cre)
Bkmn), GAD-Cre (Gad2tm2(cre)Z) and VGat-Cre (Slc32a1tm2(cre)
Lowl/J) mouse lines were from The Jackson Laboratory. Male and female 
mice aged 3–20 weeks were used and housed with food and water ad 
libitum on a normal 12-h light–dark cycle (light on at 07:00) with tem-
perature (18–23 °C) and humidity (40–60%) precisely controlled. Mice 
were group housed except for those used for self-administration experi-
ments. All procedures were approved by the Institutional Animal Care 
and Use Committee of the University of Geneva and by the animal wel-
fare committee of the Canton of Geneva, in accordance with Swiss law.

Drugs
A racemic mixture of ketamine was purchased as a 50 mg ml−1 solution 
from Labatec (Switzerland). Cocaine hydrochloride was provided by 
the pharmacy of the University Hospital of Geneva. Fentanyl was pur-
chased as a 0.05 mg ml−1 solution from Sintetica (Switzerland). FNM 
(fluphenazine-N-2-chloroethane·2HCl) was from Enzo Life Sciences 
(Switzerland). For in vivo administration, ketamine and fentanyl solu-
tion were diluted with sterile 0.9% NaCl (saline). Cocaine and FNM were 
dissolved in saline. For intravenous (i.v.) administration, drug solutions 
were filtered (0.22 µm pore size).

Acute hyperlocomotion and behavioural sensitization
Mice were habituated to the behaviour room, handling and intraperito-
neal (i.p.) injections on three days before testing. On testing days, mice 
underwent room habituation for a minimum of 1 h. Then, they were 
individually transferred into a testing arena (20 cm × 20-cm-squared 
box made of frosted opal-white acrylic glass). After 20 min of habitua-
tion to the arena, mice were i.p. injected and left in the arena for another 
60 min. I.p. injections were saline (10 ml kg−1), ketamine (30 mg kg−1) or 
cocaine (15 mg kg−1). For behavioural sensitization, injections (saline, 
ketamine or cocaine) were repeated daily for a total of 5 days. Drug 
challenge after home-cage withdrawal was tested after 7 and 30 days 
of withdrawal. Mice that were used for ex vivo patch-clamp experi-
ments after sensitization underwent 10–14 days of withdrawal and were 
euthanized for slice recordings instead of getting exposed to a drug 
challenge behavioural session. Locomotor activity was recorded and 
analysed using ANY-maze v.4.95 (Stoelting). Sensitization index was 
calculated as total distance travelled in 30 min post-injection after 
sensitization divided by the distance on day 1 of drug administration.

Drug self-administration
Jugular vein catheters were implanted under anaesthesia with a keta-
mine and xylazine mixture (80 mg kg−1 and 10 mg kg−1, respectively) one 
week before starting the experiment. After surgery, mice were singly 
housed and treated with the antibiotic amikacin (10 mg kg−1 subcutane-
ously) for 5 days. Catheters were flushed daily with heparin (2.5 interna-
tional units) after the surgery, before and after the self-administration 
sessions until the end of the experiment.

Mice were mildly food-deprived for one night before the first 
self-administration session to increase exploratory behaviour. Ad 
libitum feeding resumed immediately after the first session. For the 
acquisition sessions, mice were placed individually into operant boxes 
with an active and an inactive lever (assignment counter-balanced 
between mice) and trained on a fixed ratio (FR) 1 schedule for Fig. 1c–e 
(first self-administration cohort), and increased FRs for Fig. 4j–l (sec-
ond self-administration cohort). A press on the active lever turned on 
a cue light for 10 s (1-s on–off at 1 Hz) and the infusion of the assigned 
drug. There was a 20-s time-out after every infusion, during which lever 
pressing did not trigger any response. Infusions were ketamine (1 mg 
per kg per infusion), cocaine (0.75 mg per kg per infusion for Fig. 1c–e, 

and 0.5 mg per kg per infusion for Fig. 4j–l) or saline (1 ml per kg per 
infusion). For the first self-administration cohort, sessions lasted a 
maximum of 120 min or were terminated earlier when 45 infusions 
were administered (short access). For the second self-administration 
cohort, sessions lasted for 240 min (long access). After long-access 
sessions to ketamine, mice were subjected to two baseline and three 
punishment sessions, with each session lasting for 120 min. For punish-
ment sessions, 1-s air-puffs (from two sides and above the mouse head) 
were conducted every three infusions. The experimental protocols 
were controlled and data were collected with MED-PC IV 4.34 (Med 
Associates).

Hotplate test
The mice were placed on the pre-heated (55 ± 0.2 °C) hotplate apparatus 
0.5–1 h before and immediately after i.v. infusions of saline or keta-
mine (1 mg per kg per infusion, 4-min interval, 30 infusions within 2 h). 
Latency to hotplate was calculated as the time between placing 
the mice and the first jump, hind paw withdrawal, lick or tremble.  
A 30 s cut-off was set to avoid tissue damage.

Stereotactic surgeries
Standard stereotactic surgeries were conducted under isoflurane anaes-
thesia. GCaMP6m was from Stanford University vector core, dLight1.1 
was from Addgene, and the NR1-KO and control viruses were provided 
by L. Zweifel24. All other viruses were purchased from the University 
of North Carolina vector core. Bregma and dura mater were used as 
reference points.

For the dLight experiments, AAV5-CAG-dLight1.1 (500 nl) was 
injected unilaterally at +1.5 anteroposterior (AP), ±0.7 mediolateral 
(ML) and −4.3 dorsoventral (DV) (NAc). For the GCaMP experiments, 
AAV-DJ-EF1α-FLEX-GCaMP6m (500 nl) was injected at −3.2 AP, ±0.6 
ML and −4.5 DV (VTA).

For cell-specific NR1-KO and the respective control, 300 nl 
AAV1-CMV-FLEX-SaCas9-U6-sgGrin1 or AAV1-CMV-FLEX-SaCas9-
U6-sgRosa26 were injected as an 8:1 mixture with AAV1-FLEX-EGFP-KASH 
at −3.2 AP, ±0.6 ML and −4.5 DV (VTA). The KASH virus was omit-
ted for the KO experiments with GCamp6m recording in the VTA.  
The CRISPR–Cas9 virus (plasmid available from Addgene) and guide 
RNA were generated and validated in detail in a previous study24. 
In brief, a loxp-flanked SaCas9 and a guide RNA under U6 promo-
tor were inserted in the same vector. The guide RNA sequence was 
designed to target the most common exon of the gene according to 
online resources. The absence of the GluN1 subunit was confirmed by 
sequencing after fluorescence-activated cell sorting and by a lack of 
NMDA currents in infected cells24.

For inhibition of VTA GABA cells, AAV5-Ef1α-DIO-eArch3.0-eYFP 
(300 nl) was injected unilaterally at −3.2 AP, ±0.6 ML and −4.5 DV (VTA). 
Optic fibres were implanted unilaterally 0.2–0.3 mm more dorsal than 
virus injections, and fixed in head caps with dental cement and anchor 
screws.

For patch-clamp experiments, AAV5-CamKIIα-ChR2(H134R)-eYFP 
(400 nl) was injected bilaterally at +1.9 AP, ±0.3 ML and −2.0 DV (mPFC). 
For in vivo stimulation of dopamine neurons, AAV5-Ef1α-DIO-ChR2(H
134R)-mCherry (500 nl) was injected at −3.2 AP, ±0.9 ML and −4.5 DV 
with a 10° angle (VTA). An optic fibre was implanted at −3.2 AP, ±0.9 ML 
and −4.3 DV with a 10° angle.

Fibre photometry
Fibre photometry experiments were performed as before25. Specifi-
cally, mice were habituated to the testing room, handling and i.p. injec-
tions for five days before testing. For testing, mice were connected 
to the fibre photometry cable and placed in a circular arena (20 cm 
diameter) for 10 min of habituation. Then, 5 min of baseline fluores-
cence was recorded, followed by an i.p. injection of drug or saline and 
another 20–30 min of recording.



Specific experimental condition. FNM (10 mg kg−1 i.p.) was injected 
3 h before ketamine. For VTA GABA neuron inhibition in the absence 
of drugs, a 5-min baseline was recorded, then an orange laser (593 nm, 
10–15 mW) was turned on for 10 s every 1 min for 30 stimuli. For VTA 
GABA neuron inhibition in the presence of ketamine, a 5-min baseline 
was recorded, then five 10-s laser stimuli were delivered, the ketamine 
(45 mg kg−1) was i.p. injected and the first of 25 laser stimuli was started 
60 s after i.p. injection. For data analysis of VTA GABA inhibition, traces 
were aligned to the onset of laser with a 10-s baseline. ΔF/F values from 
the 10 s of baseline and 10 s during laser on were averaged, then the 
amplitude was calculated by subtracting the baseline fluorescence 
from the laser-on fluorescence. Eventually the stimulation amplitudes 
of the first five stimuli were averaged as well as stimuli 6–30, and the 
latter was normalized to stimuli 1–5.

Fibre photometry conditions. Fluorescent indicators were excited 
from two excitation sources, corresponding to 470 nm wavelength and 
405 nm wavelength LED light (M470F3, M405FP1, Thorlabs). Excitation 
light was sinusoidally modulated and passed through excitation filters 
(FMC4_AE(405)_E(450-490)_F(500-550)_S) and onto an optic fibre 
patch cable (MFP_400/430/1100–0.48_4 m_FC-ZF2.5, Doric Lenses). 
The fibre patch cable was then connected to the chronically implanted 
optic fibre (MFC_400/430-0.48_6mm_ZF2.5(G)_FLT, Doric Lenses). 
Emission light travelled back through the same system, where it was 
filtered (500–550 nm wavelength) and acquired through a photore-
ceiver (Newport 2151). After pre-amplification by the photoreceiver 
(2  × 1010 V/A) the signal was digitized, demodulated and stored using a 
signal processor (RZ5P, Tucker Davis Technologies). Fibre photometry 
data were collected with TDT Synapse v.84 (Tucker Davis), analysed 
using MATLABR2016b (MathWorks). First, for the time before drug 
injection, the signal originating from the 405-nm excitation source 
was linearly regressed to the signal originating from the 470-nm excita-
tion source. The regression coefficients are then applied to the entire 
405-nm originating signal, scaling it to the 470-nm originating signal. 
ΔF/F was then computed as (470 nm signal – fitted 405 nm signal)/fitted 
405 nm signal. Finally the ΔF/F was binned into appropriate time bins 
in the graphs and analyses.

In vivo stimulation of dopamine neurons
At 10–14 days after surgery, mice were tethered to an optic fibre in 
their home cage for 1 h. They received laser stimulation for 0, 15 or 
60 min. Laser stimulation (473 nm, 15 mW, 4 ms pulse duration) was 
delivered in bursts of 5 pulses at 20 Hz every 1 s18. Mice were euthanized 
for patch-clamp recordings 24 h after stimulation.

Patch-clamp electrophysiology
For patch-clamp recordings, mice were euthanized and the brains were 
removed quickly. Brain slices of 220 µm thickness were cut in ice-cold 
artificial cerebrospinal fluid (aCSF; containing 119 mM NaCl, 11 mM 
d-glucose, 26.2 mM NaHCO3, 2.5 mM KCl, 1.3 mM MgCl2, 1 mM NaH2PO4 
and 2.5 mM CaCl2) and recovered for 15 min at 31 °C. For dopamine 
neurons, brains were cut in a cutting solution as described previously49. 
The internal solution for whole-cell patch-clamp contained 130 mM 
CsCl, 4 mM NaCl, 5 mM creatine phosphate, 2 mM MgCl2, 2 mM Na2ATP, 
0.6 mM Na3GTP, 1.1 mM EGTA, 5 mM HEPES, 5 mM QX-314 and 0.1 mM 
spermine, except for long-term potentiation (LTP) and NMDAR inhi-
bition experiments, which were conducted with an internal solution 
containing 140 mM K-gluconate, 10 mM creatine phosphate, 2 mM 
MgCl2, 5 mM KCl, 4 mM Na2ATP, 0.3 mM Na3GTP, 0.2 mM EGTA and 
10 mM HEPES. Dopamine neurons were recorded with the same inter-
nal solution but without QX-314. Currents were evoked with blue light 
(470 nm LED, 1–4 ms pulse duration) or electrical stimulation (100 µs 
pulse duration) in the presence of 100 µM picrotoxin. Currents were 
amplified (Multiclamp 700B, Axon Instruments), filtered at 2.2 kHz and 

digitized at 20 kHz (National Instruments Board PCI-MIO-16E4, Igor, 
Wave Metrics). Data were collected with Igor 7 (Wave metrics). We did 
not correct for liquid junction potential (−3 mV). Cells were discarded 
if the series resistance changed by more than 20%.

For AMPA/NMDA ratios, recordings were performed at +40 mV hold-
ing potential without and with 2-amino-5-phosphonopentanoic acid 
(AP-5; 50 µM) to obtain isolated AMPAR currents and compute NMDAR 
currents from the combined AMPAR–NMDAR trace. For the rectification 
index, isolated AMPAR currents were recorded at −70, 0 and +40 mV. 
For NMDAR inhibition experiments, AMPARs were blocked with NBQX 
(10 µM) and Mg2+-free aCSF was used. Dopamine cells were identified 
according to anatomical location, morphology and cell capacitance49. 
In the dopamine neuron stimulation experiment dopamine cells were 
identified by the presence of photocurrents.

For in vitro LTP experiments, NAc slices from wild-type mice were 
incubated in Mg2+-free aCSF with or without 50 µM ketamine for 20–30 
min, then recordings took place in normal aCSF (containing 10 µM 
SKF38393 and 100 µM picrotoxin) with or without 50 µM ketamine. LTP 
was induced with high-frequency stimulation (4 bursts of 100 stimuli 
at 100 Hz, 10 s between bursts) with depolarization to 0 mV holding 
potential.

For validation of GluN1 KO, AAV1-FLEX-EGFP-KASH was co-injected 
with AAV1-CMV-FLEX-SaCas9-U6-sgGrin1 to visualize GABA neurons 
and injection sites in the VTA. Whole-cell recordings were performed 
on EGFP-positive GABA neurons with picrotoxin (100 µM) in the bath. 
NMDA components were measured as currents 20 ms after the peak at 
+40 mV, and AMPA components were measured as the peak at −70 mV. 
Previous literature confirmed the absence of NMDA components with-
out the obligatory GluN1 subunit24,45,50.

FOS staining and immunohistochemistry
Drd1-Tomato mice were singly housed and habituated to handling and 
i.p. injections daily for seven days before the experiment. On the day 
of experiment, ketamine (30 mg kg−1), cocaine (15 mg kg−1) or saline 
(10 ml kg−1) were i.p. injected, mice were put back in their home cages 
and 90 min after the injections they were transcardially perfused under 
deep pentobarbital (150 mg kg−1, i.p.) anaesthesia. Brain sections were 
stained for FOS expression using standard immunohistochemistry. 
In brief, slices were incubated with primary antibody (1:5,000, rabbit 
polyclonal anti-FOS, Synaptic Systems, 226 003) for 36 h at 4 °C and 
a secondary antibody (1:500, Alexa 488 goat anti-rabbit, Invitrogen, 
A1108) was used for visualization. Cell nuclei were stained with Hoechst 
(1:1,000). Brain slices were imaged on a confocal microscope at 20× 
magnification and cells were counted manually by an experimenter 
blind to treatment.

Visualization of fibre location and protein expression
After fibre photometry experiments, mice were deeply anaesthetized 
with pentobarbital (150 mg kg−1, i.p.) and transcardially perfused with 
4% paraformaldehyde. Fixed brains were cut in 50-µm-thick slices and 
mounted on microscopy slides with mounting medium containing 
DAPI. In some cases, to visualize dLight expression or dopamine cells, 
we performed standard immunohistochemistry before slide mount-
ing. In brief, slices were incubated with a primary antibody (1:500; for 
dLight: rabbit polyclonal anti-GFP, Invitrogen, A11122; for dopamine 
cells: mouse monoclonal anti-TH, Sigma, T2928) overnight at 4 °C and 
a secondary antibody (1:500, Alexa 488 goat anti-rabbit, Invitrogen, 
A1108 or Alexa 555 donkey anti-mouse, Invitrogen, A31570) was used 
for visualization. Cell nuclei in anti-GFP- or anti-TH-treated slices were 
stained with Hoechst (1:1,000), instead of DAPI.

Statistics and reproducibility
Data were analysed with Microsoft Excel 16.16.26 and GraphPad Prism 9. 
Sample size were estimated with G*power (HHU). Mice were randomly 
assigned to treatment conditions using an design of interleaved trials. 
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Data were analysed blind whenever possible. The experiments were rep-
licated at least twice and were successfully reproduced. Data were tested 
for normal distribution using the Shapiro–Wilk normality test. Normally 
distributed datasets were then tested with parametric comparisons, 
whereas non-parametric tests were chosen for non-normally distrib-
uted datasets. Post-hoc comparison was conducted if ANOVA yielded 
a significant main effect or interaction. Comparisons were two-tailed. 
The number of experimental replicates is noted in the figure legends. 
Details of statistical tests are provided in Supplementary Table 1.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The datasets generated during and/or analysed during the current 
study are available in the Zenodo repository (https://doi.org/10.5281/
zenodo.5772449)51.

Code availability
The MATLAB code used for analysing the fibre photometry raw data is avail-
able in the Zenodo repository (https://doi.org/10.5281/zenodo.5772449).
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Extended Data Fig. 1 | Lever presses and infusion intervals of 
self-administration. a, Lever presses on active and inactive lever during 
self-administration for each session. n (mice) = 8 (saline), 10 (ketamine),  
8 (cocaine). b, Median inter-infusion interval per mouse in session 6 to estimate 

rate of infusion during non-contingent self-administration (Fig. 3k). n 
(mice) = 10 (ketamine), 7 (cocaine). Data are represented as mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001.



Article

Extended Data Fig. 2 | Dose-dependence of accumbal dopamine transients. 
a, Schematic of virus injection and fibre implantation targeting the medial shell 
of the nucleus accumbens. b, Mean dLight response to i.p. injections of 

different doses of ketamine. n = 5 mice. c, AUC from 0–10 min after i.p. injection 
of different doses of ketamine. n = 5 mice. Data are represented as mean ± SEM.



Extended Data Fig. 3 | Validation of NR1 ablation. a, Schematic of 
experimental details with virus injections and location of patch-clamp 
recordings. b, Representative traces of NMDA/AMPA recordings of NR1-KO 
(KO; sgGrin1) and control (CT; sgRosa26). Scale bar, 10 ms, 200 pA. c, NMDA/
AMPA ratios (amplitudes measured for NMDA component 20 ms after the peak 
at +40 mV and AMPA component at −70 mV) of VTA GABA neurons from KO and 
CT mice. n (cells) = 6 (KO) and 6 (CT). Data are represented as mean ± SEM. 
*P < 0.05.
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Extended Data Fig. 4 | Fentanyl- and ketamine-induced GABA inhibition 
and dopamine transients. a,c,e, Schematic of virus injection and fibre 
implantation. b, Mean Ca2+ signal of VTA GABA neurons from NR1-control (CT) 
and KO mice with i.p. injections of saline or fentanyl. n (mice) = 3 (CT) and 3 
(KO). d, Average dopamine transients induced by ketamine (30 mg/kg) and 

fentanyl (0.3 mg/kg). n = 8 mice. f, Average dopamine transients induced by 
ketamine (30 mg/kg) and cocaine (15 mg/kg) in NR1-CT mice. n = 11 mice.  
g, Average dopamine transients induced by ketamine and cocaine in NR1-KO 
mice. n = 11 mice. Data are represented as mean ± SEM.



Extended Data Fig. 5 | In vitro NMDAR inhibition in acute brain slices of the 
NAc. a, Example traces of NMDAR EPSCs induced by electrical stimulation in 
the NAc, recorded in Mg2+-free aCSF. Top: before bath-application of ketamine; 
bottom: with 50 µM ketamine. Stimulation artefact was removed. Scale bar is 
50 ms, 50 pA. b, NMDAR EPSCs before and with ketamine. n = 5 cells. Data are 
presented as mean ± SEM. **P < 0.01.
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Extended Data Fig. 6 | Compulsive ketamine self-administration and pain 
perception affected by ketamine infusions. a. Number of ketamine infusions 
in baseline and punishment sessions. n = 17 mice. b. Latency to hotplate before 
and after mocked saline and ketamine i.v. infusions (1 mg/kg/infusion, 30 
infusions). n (mice) = 16 (saline) and 17 (ketamine). Data are presented as mean ± 
SEM. ***P < 0.001.
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