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Ketamine and its metabolite (2R,6R)-hydroxynorketamine
induce lasting alterations in glutamatergic synaptic plasticity in
the mesolimbic circuit
N Yao1,3, O Skiteva1,3, X Zhang2, P Svenningsson2 and K Chergui1

Low doses of ketamine trigger rapid and lasting antidepressant effects after one injection in treatment-resistant patients with major
depressive disorder. Modulation of AMPA receptors (AMPARs) in the hippocampus and prefrontal cortex is suggested to mediate
the antidepressant action of ketamine and of one of its metabolites (2R,6R)-hydroxynorketamine ((2R,6R)-HNK). We have examined
whether ketamine and (2R,6R)-HNK affect glutamatergic transmission and plasticity in the mesolimbic system, brain regions known
to have key roles in reward-motivated behaviors, mood and hedonic drive. We found that one day after the injection of a low dose
of ketamine, long-term potentiation (LTP) in the nucleus accumbens (NAc) was impaired. Loss of LTP was maintained for 7 days and
was not associated with an altered basal synaptic transmission mediated by AMPARs and N-methyl-D-aspartate receptors (NMDARs).
Inhibition of mammalian target of rapamycin signaling with rapamycin did not prevent the ketamine-induced loss of LTP but
inhibited LTP in saline-treated mice. However, ketamine blunted the increase in the phosphorylation of the GluA1 subunit of
AMPARs at a calcium/calmodulin-dependent protein kinase II/protein kinase C site induced by an LTP induction protocol. Moreover,
ketamine caused a persistent increased phosphorylation of GluA1 at a protein kinase A site. (2R,6R)-HNK also impaired LTP in the
NAc. In dopaminergic neurons of the ventral tegmental area from ketamine- or (2R,6R)-HNK-treated mice, AMPAR-mediated
responses were depressed, while those mediated by NMDARs were unaltered, which resulted in a reduced AMPA/NMDA ratio, a
measure of long-term synaptic depression. These results demonstrate that a single injection of ketamine or (2R,6R)-HNK induces
enduring alterations in the function of AMPARs and synaptic plasticity in brain regions involved in reward-related behaviors.
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INTRODUCTION
A low dose of ketamine, given to treatment-resistant depressed
patients, causes rapid antidepressant responses, which can last 3–
14 days. Unfortunately, the usefulness of ketamine for the
treatment of depression is limited because of the dissociative,
psychotic and abuse properties of this drug.1–4 The antidepressant
mechanism of action of ketamine has been proposed to be
mediated through non-competitive antagonism at N-methyl-D-
aspartate receptors (NMDARs) and subsequent activation of AMPA
receptors (AMPARs).5 Furthermore, a recent study demonstrated
antidepressant efficacy, with reduced side effects, of a metabolite
of ketamine, (2R,6R)-hydroxynorketamine ((2R,6R)-HNK), through
stimulation of AMPARs, independently of NMDAR antagonism.6

These data, along with data on the antidepressant effects of
AMPAkines, implicate AMPARs as potent pharmacological targets
for the development of effective treatment of depression.7

However, it should be noted that a recent study could not
demonstrate antidepressant action of (2R,6R)-HNK in two mouse
models of depression although ketamine was potent in alleviating
depression-like symptoms in these models.8 Further research on
the ability of ketamine and its metabolites to modulate AMPARs as
a mechanism of rapid and lasting antidepressant actions is
warranted. Several lines of evidence suggest that depression is

associated with altered synaptic plasticity of excitatory synapses
and that ketamine promotes AMPAR function and
synaptogenesis.9–13 Thus, modulation of glutamatergic neuro-
transmission and plasticity in the hippocampus and medial
prefrontal cortex is suggested to mediate the antidepressant
action of ketamine.9–13 Both AMPARs and NMDARs are critical
elements of forms of long-term synaptic plasticity such as long-
term potentiation (LTP), a potential neurophysiological correlate of
learning and memory.14,15 Whether ketamine induces lasting
alterations of LTP and how these possible alterations occur are still
unresolved questions. Furthermore, in addition to the hippocam-
pus and prefrontal cortex, depression involves the mesolimbic
dopamine system, brain regions critically implicated in reward-
motivated behaviors, mood and hedonic drive.10,16 In particular,
the glutamatergic inputs from the hippocampus and cortex to the
nucleus accumbens (NAc) and dopaminergic (DA) innervation of
the NAc from the ventral tegmental area (VTA) have key roles in
these motivational behaviors. Recent structural studies using
magnetic resonance imaging have reported enlarged NAc in
patients with major depressive disorder which was normalized by
ketamine in patients who responded to this antidepressant
treatment.17 The antidepressant action of ketamine might involve
lasting neuroadaptations in the NAc and VTA, but the underlying
mechanisms have not been extensively investigated.
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Our aims were to examine whether a single injection of a low
dose of ketamine produces lasting changes in glutamatergic
synaptic transmission or in synaptic plasticity in the NAc and VTA-
DA neurons. We also examined whether ketamine alters the
function of AMPARs and NMDARs in these brain regions. Our
results demonstrate a lack of lasting effects of ketamine on
NMDAR function in the NAc and VTA-DA neurons. Ketamine,
however, induces lasting alterations in synaptic plasticity through
modulation of AMPAR signaling and function in these brain
regions, suggesting a potential role for AMPARs in the mesolimbic
circuit in the prolonged antidepressant action of a single dose of
ketamine.

MATERIALS AND METHODS
Experiments were approved by our local ethical committee (The Stock-
holm’s North Animal Experimentation Ethics Committee). All efforts were
made to minimize animal suffering. Male C57BL6 mice aged 5–13 weeks
received a single intraperitoneal injection of either vehicle (saline), (R,S)-
ketamine (3 or 10 mg kg− 1), (2R,6R)-HNK (10 mg kg− 1) or pentobarbital
(5 mg kg− 1). Animals were randomly injected with either saline, ketamine,
(2R,6R)-HNK or pentobarbital, and the experimenters were not blinded to
the treatment administered to the mice. The behavioral effects of ketamine
in rodents have been examined by several groups6,18–21 and therefore will
not be investigated in this study. The doses of ketamine and (2R,6R)-HNK
used in the present study were based on previous work demonstrating
antidepressant actions of these compounds in animal models.6,18–21 (S)-
ketamine has a stronger affinity for NMDARs than (R)-ketamine and has
been tested in clinical trials for treatment-resistant depression.22 We have
used (R,S)-ketamine, because the antidepressant action of ketamine may

not be directly related to its ability to block NMDARs6 and because
antidepressant actions have been described for both (R) and (S)
enantiomers in models of depression.8,19 Twenty-four hours or 7 days
following the injection, mice were killed for brain slice electrophysiology,
western blotting or immunohistochemistry as described previously.23–26

Briefly, extracellular field potentials were recorded using a glass micropip-
ette filled with extracellular solution positioned in the Core region of the
NAc (Supplementary Figure 1). These synaptic responses, or field excitatory
postsynaptic potentials/population spikes (fEPSP/PSs), were evoked by
stimulation pulses applied to the brain slice through a concentric bipolar
stimulating electrode placed near the recording electrode (Supplementary
Figure 1). Whole-cell patch-clamp recordings of visually identified medium
spiny projection neurons in the NAc and DA neurons in the VTA were
made with patch electrodes filled with a cesium-based or potassium
gluconate-based intracellular solution. The pipette tip was filled with 0.2%
neurobiotin for post-recording identification of the cells in the VTA.
AMPAR-mediated excitatory postsynaptic currents (EPSCs) were measured
in the presence of gabazine (SR-95531, 10 μM) to block GABAA receptors at
a holding membrane potential of − 80 mV. NMDAR-mediated EPSCs were
measured at a holding membrane potential of +40 mV in the presence of
gabazine (SR-95531, 10 μM) and DNQX (10 μM) to block AMPARs. EPSCs
were evoked by electrical stimulation through a patch pipette filled with
extracellular solution placed near the recorded neuron. The AMPA/NMDA
ratio was calculated by dividing the amplitude of the EPSC measured at
− 80 mV (AMPA-EPSC) with the amplitude of the EPSC measured at +40 mV
in the presence of DNQX (NMDA-EPSC). Data are expressed as mean±
s.e.m. with n indicating the number of slices, neurons or mice tested (for
exact numbers of slices, neurons and mice examined, see Results section).
No statistical methods were used to estimate sample size and outliers were
not excluded from the analyses. Statistical significance of the results was
assessed by using the Student’s t-test for paired and unpaired observa-
tions, Mann–Whitney test, one-way analysis of variance followed by

Figure 1. Long-term potentiation (LTP) in the nucleus accumbens (NAc) is impaired 1 day after injection of ketamine and (2R,6R)-
hydroxynorketamine ((2R,6R)-HNK). (a–d) Graphs show the mean± s.e.m. amplitude of the field excitatory postsynaptic potentials/population
spikes (fEPSP/PSs) measured in the NAc, expressed as a percentage of baseline, before and after high-frequency stimulation (HFS), applied at
the time indicated by the arrow. LTP was induced in mice treated with a single injection of saline (a, n= 12), but was reduced in mice treated
with ketamine 3 mg kg-1 (b, n= 9), ketamine 10 mg kg− 1 (c, n= 15) or (2R,6R)-HNK (d, n= 10) one day after the injection. Representative
records of fEPSP/PSs measured in four slices at the time points indicated on the graphs are shown above the graphs. (e) Average effect of
ketamine and (2R,6R)-HNK on the magnitude of LTP in the slices presented in (a–d). #Po0.05 one-way analysis of variance (ANOVA), Dunnett’s
multiple comparison test. **Po0.01 paired Student’s t-test. (f) Percentage of slices that showed LTP or no LTP in saline-, ketamine- and (2R,6R)-
HNK-treated mice. ##Po0.01, Fisher’s exact test.
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Dunnett’s multiple comparison test or Fisher’s exact test. For details on
Materials and Methods, see Supplementary Information.

RESULTS
Ketamine induces lasting impairment of LTP in the NAc
We have examined whether a low dose of ketamine impacts the
induction of LTP, an NMDAR-dependent lasting increase in
glutamatergic synaptic strength, in the NAc.27,28 Mice received a
single intraperitoneal injection of either saline or ketamine (3 or
10 mg kg− 1) 1 day or 7 days before the electrophysiological
experiments were performed. These time points were chosen,
because we wanted to address the lasting effect of ketamine
beyond the acute blockade of NMDARs by ketamine, which would
inhibit LTP. Furthermore, the antidepressant response seen in
patients and preclinical studies is observed within hours after the
injection and maintained for at least 1 week.11 Examination of the
effects of ketamine and (2R,6R)-HNK administered at shorter time
points would most likely have resulted in inhibition of LTP
induction due to blockade of NMDARs. Indeed, ketamine and its
metabolites, in particular (2R,6R)-HNK, are still present in plasma
and brain 30–60 min after their injection.29 We did not examine
the effect of chronic administration of ketamine or (2R,6R)-HNK,
because antidepressant actions are observed following a single
injection and chronic ketamine treatment has no effect on
depression-like behavior.30 We measured fEPSP/PSs mediated by
AMPARs in the core region of the NAc in brain slices as described
previously28 (Supplementary Figure 1). When a stable baseline
fEPSP/PS amplitude was obtained, we applied a high-frequency
stimulation (HFS) consisting of three trains (1 s duration) at 100 Hz
with a 10 s inter-train interval. Single stimulation was thereafter
resumed. In mice that received an injection of saline 24 h or 7 days
before the recordings were made, HFS induced a long-lasting
potentiation of the fEPSP/PS amplitude or LTP (% of baseline
55–60 min after HFS, 24 h: 133.6 ± 7.4; n= 12; Po0.01, paired
Student’s t-test; Figure 1a and e; 7 days: 133.3 ± 11.2; n= 13;
Po0.05, paired Student’s t-test; Figure 2a and d). In the NAc of
ketamine-treated mice the magnitude of LTP was significantly
decreased. One day after the injection of 3 mg kg− 1 ketamine, the
amplitude of the fEPSP/PS measured 55–60 min after HFS was
118.4 ± 8.7% of baseline (n= 9; P40.05, paired Student’s t-test;
Figure 1b and e). There was a tendency for a reduced inhibition of
LTP 7 days after the injection of 3 mg kg− 1 ketamine (% of
baseline: 116.7 ± 6.9; n= 13; Po0.05, paired Student’s t-test;
Figure 2b and d). A dose of 10 mg kg− 1 induced a stronger and
longer-lasting inhibition of LTP (% of baseline, 24 h: 109.9 ± 6.7;
n= 15; P40.05, paired Student’s t-test; Figure 1c and e; 7 days:
103.8 ± 4.7; n= 12; P40.05, paired Student’s t-test; Figure 2c and
d). (2R,6R)-HNK (10 mg kg− 1) injected 1 day before the electro-
physiological experiments were performed also inhibited LTP
induction in the NAc (% of baseline: 103.6 ± 6.9, n= 10, P4 0.05,
paired Student’s t-test; Figure 1d and e). In addition, ketamine and
(2R,6R)-HNK decreased not only the magnitude of LTP but also the
number of slices that showed LTP (Figures 1f and 2e). These
results demonstrate that ketamine impairs LTP induction in the
NAc in a dose- and time-dependent manner. Indeed, the
reduction in the magnitude of LTP is maintained seven days after
a single injection of ketamine. Our results also show that a
metabolite of ketamine impairs LTP in the NAc. Impairment of LTP
is not due to the anesthetic properties of ketamine because a
single injection of another anesthetic drug, pentobarbital
(5 mg kg− 1), did not inhibit LTP (Supplementary Figure 1).

Ketamine does not alter basal glutamatergic synaptic transmission
in the NAc
We then investigated potential mechanisms underlying the
impairment of LTP induced by ketamine. We first examined

whether ketamine altered the basic properties of glutamatergic
synaptic transmission. We found that input/output curves of
fEPSP/PSs amplitude were similar in mice treated with either
saline, ketamine or (2R,6R)-HNK 1 day or 7 days following the
injection (Supplementary Figure 1). The paired-pulse ratio of two
successive fEPSP/PSs, a measure of presynaptic modulation of
glutamate release, was not affected by ketamine either
(Supplementary Figure 1). We further examined a potential effect
of ketamine on glutamatergic synaptic transmission by perform-
ing whole-cell patch clamp recordings of individual projection
neurons in the NAc 1 day after injection of either saline or
ketamine (10 mg kg− 1). Spontaneous AMPAR-mediated EPSCs
(sEPSCs) were measured in cells voltage-clamped at − 80 mV.
The frequency and amplitude of sEPSCs were similar in saline- and
ketamine-treated mice (frequency (Hz): saline 1.36 ± 0.26; n= 15;
ketamine 1.09 ± 0.22; n= 14. P40.05, Mann–Whitney test; ampli-
tude (pA): saline 16.7 ± 0.8; n= 15; ketamine 17.7 ± 1.3; n= 14;
P40.05, Mann–Whitney test; Figure 3a). We also measured
AMPAR-mediated EPSCs evoked by electrical stimulation of the
slice in individual projection neurons in the NAc voltage-clamped
at − 80 mV. Ketamine did not alter the paired-pulse ratio of two
consecutive EPSCs (saline: 1.4 ± 0.1; n= 11; ketamine: 1.6 ± 0.1;
n= 16: P40.05, Mann–Whitney test; Figure 3b).
Glutamatergic synapses in the NAc have functional NMDARs,

which contribute to synaptic transmission and LTP.27,31 In order to
assess whether these synaptic NMDARs were affected by
ketamine, we measured EPSCs mediated by NMDARs in neurons
voltage-clamped at +40 mV. The ratio between AMPAR-EPSC and
NMDAR-EPSC, a measure of long-term synaptic plasticity, was
unaltered by ketamine (saline: 2.5 ± 0.3; n=9; ketamine 10mg kg-1:
2.0 ± 0.3; n= 9; P40.05, Mann–Whitney test; Figure 3c). The
pharmacological and biophysical properties of NMDARs are
critically determined by the GluN2 subunits they contain.32,33

The GluN2B subunit is the predominant GluN2 subunit in the NAc
and forms functional NMDARs at glutamatergic synapses.31,34 In
addition, antagonism of NMDARs that contain the GluN2B subunit
were suggested to have beneficial antidepressant actions.3,11

Therefore, we examined whether ketamine altered the contribu-
tion of GluN2B to functional NMDARs in the NAc. The GluN2B-
containing NMDAR antagonist Ro 25–6981 (1 μM) applied in the
perfusion solution reduced the amplitude of NMDAR-EPSCs to
36.2 ± 6.5% of baseline in saline-treated mice (n= 7) and to
34.9 ± 3.7% of baseline in mice treated with ketamine 10 mg kg− 1

(n= 10; P40.05. compared with saline, Mann–Whitney test,
Figure 3d). Thus, ketamine does not affect the contribution of
GluN2B to synaptic NMDARs in the NAc. Using western blotting,
we examined the protein levels of GluN2B and of the obligatory
subunit GluN1. We found that the amounts of these two subunits
in the NAc were not altered by ketamine (Figure 3e). Using
immunohistochemistry, we found that the distribution of cells that
contained GluN2B in the core region of the NAc was similar in
saline- and ketamine-treated mice both 1 day (Figure 3f) and
7 days (Supplementary Figure 2) after the injection. In order to
further substantiate our findings, we have examined the
contribution of GluN2A, the other GluN2 subunit present in
projection neurons in the NAc.31 There was no significant
difference in the ability of the GluN2A antagonist TCN-201
(10 μM) to reduce the amplitude of the NMDAR-EPSC in saline-
and in ketamine-treated mice, but there was a small population of
neurons which were not sensitive to TCN-201 in ketamine-treated
mice (Supplementary Figure 3). Together, these results show
that the basic properties of synaptic transmission in the NAc,
that is, glutamate release and synaptic responses mediated by
AMPARs or NMDARs, are unaffected following ketamine
administration.
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Mechanisms that mediate the blockade of LTP induction by
ketamine
Ketamine has been shown to increase protein levels of brain-
derived neurotrophic factor (BDNF) in the hippocampus.20 This
increase is transient and the levels of BDNF return to control
values after 24 h. We found that one day after the injection of
ketamine (10 mg kg− 1), the levels of BDNF were not altered in the
NAc as compared with saline-treated mice (Supplementary
Figure 4). Ketamine activates mammalian target of rapamycin
(mTOR) signaling.35–38 We therefore examined the possibility that
inhibition of mTOR with rapamycin could prevent ketamine-
induced impairment of LTP. We found that in the presence
of rapamycin in the perfusion solution, LTP remained impaired in
the NAc of ketamine-treated mice (10 mg kg− 1 1 day; without
rapamycin: 109.9 ± 6.7; n= 15; with rapamycin: 200 nM: 109.5 ± 9.1;
n= 9; with rapamycin: 1 μM: 95.1 ± 9.4; n= 5; P40.05, one-way
analysis of variance, Dunnett’s multiple comparison test;
Figure 4a). mTOR regulates protein synthesis and plasticity
changes that might contribute to learning and memory.39–41

Thus, mTOR is also likely to have a role in the maintenance of LTP.
In line with this possibility, rapamycin was shown to block early-
phase LTP and late-phase LTP in the hippocampus39,42,43 and in
the medial prefrontal cortex.41 We therefore examined the
contribution of mTOR in the induction of LTP in the NAc of
saline-treated mice. We found that rapamycin applied in the
perfusion solution dose-dependently inhibited LTP induction
(without rapamycin: 133.6 ± 7.4; n= 12; with rapamycin: 200 nM:
110.8 ± 7.6; n= 14; with rapamycin: 1 μM: 104.9 ± 5.7; n= 8;
Po0.05, one-way analysis of variance, Dunnett’s multiple
comparison test; Figure 4b). These results suggest that activation

of mTOR contributes to LTP induction in the NAc. As both
ketamine and HFS activate mTOR, ketamine might occlude further
synaptic potentiation of glutamatergic transmission induced by
HFS. Given that synaptic transmission is not affected by ketamine,
a mechanism other than occlusion is likely to be involved in the
ketamine-induced impairment of LTP.
Long-term synaptic plasticity has been associated with changes

in the phosphorylation of the GluA1 subunit of AMPARs at two
residues: Ser831 which is phosphorylated by calcium/calmodulin-
dependent protein kinase II (CaMKII) or protein kinase C (PKC), and
Ser845, which is phosphorylated by cyclic-AMP-dependent protein
kinase A. Phosphorylation of GluA1 was shown to target AMPAR at
the synapse, to increase channel conductance and to modulate
LTP induction.44–46 Interestingly, chronic stress and administration
of ketamine were found to modulate the phosphorylation of
GluA1 in the hippocampus5,38 and amygdala.47 We therefore
examined the possibility that a potential mechanism for LTP
induction by HFS and inhibition by ketamine involved an altered
phosphorylation of GluA1 in the NAc. We performed western
blotting experiments with slices from which the NAc was
dissected and frozen, and we found that ketamine did not affect
the total levels of GluA1 or Ser831-GluA1 phosphorylation.
However, HFS increased the amount of Ser831-GluA1 phosphoryla-
tion in saline-treated mice but not in ketamine-treated mice
(Figure 4c). We also found that ketamine increased Ser845-GluA1
phosphorylation in the NAc as compared to saline-treated mice.
HFS did not modify Ser845-GluA1 phosphorylation in saline- or
ketamine-treated mice (Figure 4c). These results demonstrate that
LTP is associated with an increase in the phosphorylation of
Ser831-GluA1, but not Ser845-GluA1, in saline-treated mice.
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Ketamine impairs HFS-induced phosphorylation of Ser831-GluA1
but promotes the phosphorylation of Ser845-GluA1.

Ketamine reduces AMPAR-mediated transmission in VTA-DA
neurons and does not affect NMDARs
Given that VTA-DA neurons are involved in reward-related
behaviors, we examined whether ketamine alters glutamatergic
transmission in these neurons by performing whole-cell patch-
clamp recordings in the VTA. We confirmed that the recorded
neurons in the VTA were DA, and not non-DA, neurons by
applying neurobiotin through diffusion from the intracellular
solution in the recording pipette. Using immunohistochemistry,
we found that the recorded neurons contained both neurobiotin
and tyrosine hydroxylase, the rate-limiting enzyme in the
synthesis of dopamine (Figure 5a and Supplementary Figure 5).
Neurons were also identified based on their well-described
membrane characteristics and action potential firing
(Supplementary Figures 5 and 6). Previous studies have reported
that the electrophysiological membrane properties of VTA
neurons and the location of these neurons within the VTA differed
between those projecting to the NAc and those projecting to the
prefrontal cortex.48–50 Moreover, the VTA contains few glutama-
tergic neurons which are located more medially in the VTA.51,52 On

the basis of the location of the recorded neurons in the VTA
(mostly lateral and not medial), their spontaneous firing and
membrane properties (for example, large Ih, afterhyperpolarization
and excitability profile, see Supplementary Figures 5 and 6), it is
likely that DA neurons, and not glutamatergic neurons, in the VTA
that project to the NAc, and not to the cortex, were examined in
the present study.
The membrane properties of VTA-DA neurons were similar in

mice treated with saline, ketamine or (2R,6R)-HNK (Supplementary
Figures 5 and 6). In VTA-DA neurons recorded from mice treated
with ketamine (10 mg kg− 1) or (2R,6R)-HNK (10 mg kg− 1), the
spontaneous action potential firing, measured in cell-attached
mode, the Ih current and afterhyperpolarization were not
significantly different from those measured in neurons from
saline-treated mice 1 day after the injection (Supplementary
Figures 5 and 6). Pentobarbital (5 mg kg− 1) did not affect the
membrane properties and firing of VTA-DA neurons one day after
the injection (Supplementary Figure 5).
We measured glutamatergic synaptic transmission in VTA-DA

neurons 1 day after intraperitoneal injection of saline, ketamine
or (2R,6R)-HNK. We found that ketamine 3 mg kg− 1 did not

modify AMPAR-mediated glutamatergic synaptic transmission
(Supplementary Figure 7). However, ketamine 10 mg kg− 1
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neurons in the NAc were similar in saline- and ketamine-treated mice (saline: n= 15; ketamine 10 mg kg− 1 1 day: n= 14). Representative
recordings of spontaneous EPSCs (sEPSCs) in two neurons are shown on the left. (b) The paired-pulse ratio of two successive evoked EPSCs
was not altered by ketamine (saline: n= 11; ketamine: n= 16). (c) The ratio between AMPA receptor (AMPAR)- and N-methyl-D-aspartate
receptor (NMDAR)-EPSCs was unchanged (saline: n= 9; ketamine: n= 9). (d) Ketamine did not alter the contribution of GluN2B to synaptic
NMDARs as shown by a similar inhibition of the NMDAR-EPSC induced by the GluN2B antagonist Ro 25–6981 (saline: n= 7; ketamine: n= 10).
(e) Ketamine did not alter the protein amounts of GluN1 and GluN2B in the NAc (n= 13 and 15 mice). (f) Immunofluorescence of GluN2B was
similar in the NAc of saline- and ketamine-treated mice.

Ketamine alters mesolimbic synaptic plasticity
N Yao et al

2070

Molecular Psychiatry (2018), 2066 – 2077



depressed both the frequency (0.47 ± 0.07 Hz) and the amplitude
(22.88 ± 1.89 pA; n= 21) of sEPSCs as compared with saline-treated
mice (frequency: 0.98 ± 0.19 Hz; n= 15; Po0.01, Mann–Whitney
test; amplitude: 30.87 ± 2.67 pA; n= 15; Po0.05, Mann–Whitney
test; Figure 5b). (2R,6R)-HNK (10 mg kg− 1) also reduced the

frequency and the amplitude of sEPSCs as compared with
saline-treated mice (Supplementary Figure 7). The amplitude,
but not frequency, of miniature EPSCs measured in the presence
of tetrodotoxin (0.5 μM) was decreased in ketamine-treated mice
as compared with saline-treated mice (Supplementary Figure 7).

Figure 4. Involvement of mammalian target of rapamycin (mTOR) and phosphorylation of GluA1 in long-term potentiation (LTP) induction
and its impairment by ketamine. (a and b) Mean± s.e.m. amplitude of the field excitatory postsynaptic potentials/population spikes (fEPSP/
PSs) before and after high-frequency stimulation (HFS) in the presence of the mTOR inhibitor rapamycin (200 nM and 1 μM) applied in the
perfusion solution as indicated by the horizontal bars. Mice received a single injection of ketamine 10 mg kg− 1 (a) or saline (b) 1 day before
the recordings were performed. Bar graphs show the average effect of rapamycin on LTP in ketamine-treated mice (a, control slices: n= 15,
rapamycin 200 nM: n= 9; rapamycin 1 μM: n= 5) and in saline-treated mice (b, control slices: n= 12, rapamycin 200 nM: n= 14; rapamycin 1 μM:
n= 8). #Po0.05 one-way analysis of variance (ANOVA), Dunnett’s multiple comparison test. **Po0.01, paired Student’s t-test. (c) Upper graphs
show the average amounts of total GluA1, phospho-Ser831-GluA1 and phospho-Ser845-GluA1 in control slices (which did not receive HFS)
normalized to the values in saline-treated mice (n= 9–11 mice). Lower graphs show the amounts of total GluA1, phospho-Ser831-GluA1 and
phospho-Ser845-GluA1 in slices that received HFS, normalized to the values in control slices. #Po0.05 unpaired Student’s t-test. *Po0.05
paired Student’s t-test. Examples of western blottings are shown on the right.
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We measured evoked EPSCs mediated by AMPARs and NMDARs.
Ketamine did not alter the ratio between the amplitude of two
consecutive AMPAR-EPSCs (saline: 0.78 ± 0.04; n= 21; ketamine;
0.88 ± 0.04; n= 13; P40.05, Mann–Whitney test; Figure 5c). In
addition, the ratio between AMPAR-EPSCs and NMDAR-EPSCs was
decreased in ketamine-treated mice as compared with saline-
treated mice (saline: 2.89 ± 0.25; n= 26; ketamine: 1.68 ± 0.25; n=

13; Po0.01, Mann–Whitney test; Figure 5d). (2R,6R)-HNK
(10 mg kg− 1) also reduced the AMPA/NMDA ratio as compared
with saline-treated mice (Supplementary Figure 7). The decrease
in the frequency of sEPSCs suggests a possible presynaptic action
of ketamine, but might also be due to the decrease in the
amplitude of individual events. Indeed, the decrease in the
amplitude of sEPSCs and miniature EPSCs, the lack of effect of
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Figure 5. Ketamine induces a form of long-term depression in ventral tegmental area (VTA)-dopaminergic (DA) neurons. (a) Confocal images
showing double immunofluorescence for tyrosine hydroxylase (TH) (red) and neurobiotin (green), demonstrating that the recorded neuron in
the VTA was DA. (b) The frequency and amplitude of spontaneous excitatory postsynaptic currents (EPSCs) measured with whole-cell patch
clamp recordings of individual VTA-DA neurons were decreased in ketamine-treated mice (saline: n= 15; ketamine 10 mg kg-1 one day: n= 21).
*Po0.05, **Po0.01, Mann–Whitney test. (c) The paired-pulse ratio of two successive evoked EPSCs (inter-stimulus interval: 30 ms) was not
altered by ketamine (saline: n= 21; ketamine: n= 13). (d) The AMPA/N-methyl-D-aspartate (NMDA) ratio was decreased in ketamine-treated
mice (saline: n=26; ketamine: n=13). **Po0.01, Mann–Whitney test. (e) The amounts of GluA1, phospho-Ser831-GluA1 and phospho-Ser845-GluA1
were unaltered by ketamine (n= 9–11 mice). (f) Ketamine did not alter the contribution of GluN2B to synaptic NMDA receptors (NMDARs)
(saline: n= 14; ketamine: n= 9). (g) The amounts of GluN1 and GluN2B were not altered by ketamine (n= 9–11 mice). (h) Localization of
GluN2B in VTA-DA neurons was similar in saline- and ketamine-treated mice.
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ketamine on the paired-pulse ratio and the decrease in the AMPA/
NMDA ratio all suggest a postsynaptic action of ketamine. The
total amounts of GluA1, phospho-Ser831-GluA1 and phospho-
Ser845-GluA1 were unaffected by ketamine administration
(Figure 5e). The levels of BDNF were not altered in the VTA as
compared with saline-treated mice (Supplementary Figure 4).
Thus, ketamine induces a form of long-term synaptic depression
of AMPAR-mediated synaptic responses in VTA-DA neurons, which
does not involve a decrease in the amounts, or phosphorylation,
of GluA1.
We found that the contribution of GluN2B to synaptic NMDARs

in VTA-DA neurons was similar in saline- and ketamine-treated
mice. Indeed, Ro 25–6981 (1 μM) decreased the amplitude of
NMDAR-EPSCs to 36.4 ± 3.6% of baseline in saline-treated mice
(n= 6) and to 45.7 ± 4.4% of baseline in ketamine-treated mice
(n= 7; P40.05, Mann–Whitney test; Figure 5f). Ketamine did not
alter the total amounts of GluN1 and GluN2B or the expression of
GluN2B in VTA-DA neurons (Figure 5g, h and Supplementary
Figure 2). The contribution of GluN2D to synaptic NMDARs in VTA-
DA neurons was similar in ketamine- and saline-treated mice
(Supplementary Figure 3). These results demonstrate that
ketamine does not alter the functional properties of NMDARs in
VTA-DA neurons.

DISCUSSION
The principal aim of our study was to determine if a single, low
dose of ketamine induces lasting modulation of the function of
AMPARs and NMDARs in the NAc and VTA, two brain regions
involved in reward-related behaviors, mood and hedonic drive.
Our study demonstrates that ketamine inhibits the function of
AMPARs, but not NMDARs, in the mesolimbic DA circuit. Although
ketamine does not affect basal glutamatergic synaptic transmis-
sion in the NAc, this compound induces lasting inhibition of LTP.
Ketamine may blunt increases in glutamatergic synaptic transmis-
sion in the NAc under situations of intense activity in glutama-
tergic inputs, and may promote other forms of synaptic plasticity.
Ketamine also induces a form of long-term depression (LTD) in
VTA-DA neurons that might lead to decreased activity in these
neurons and decreased DA modulation of the NAc. Our results
also demonstrate that the metabolite of ketamine, (2R,6R)-HNK,
mimics the effects of ketamine on AMPAR function in the NAc and
VTA-DA neurons.
Long-term changes in glutamatergic synaptic strength such as

LTP are potential candidates for cellular mechanisms of learning
and memory. These forms of synaptic plasticity might be impaired
in disease states and modulated by various pharmacological
treatments. Our results demonstrate that an induction protocol
that induces LTP in the NAc of saline-treated mice fails to induce
LTP in mice treated with a single, low dose of ketamine. This
impairment is observed one day post injection and is maintained
after seven days. Recent observations demonstrate that a
metabolite of ketamine, (2R,6R)-HNK, affects AMPAR function
through a mechanism independent of NMDAR inhibition,
suggesting that the initial antagonism of NMDARs by ketamine
is not an obligatory step in the antidepressant action of this
compound.6 Our results demonstrate that, like ketamine, (2R,6R)-
HNK impairs LTP induction in the NAc. Ketamine and (2R,6R)-HNK
may inhibit LTP induction in an NMDAR-independent manner, or
through a mechanism downstream of NMDAR blockade. These
potential mechanisms remain to be identified. Importantly, our
present results indicate that this effect of ketamine does not
involve an altered function of NMDARs, significant factors in LTP
induction. Indeed, the amount and expression of the main
subunits that compose functional NMDARs in projection neurons
of the NAc, that is, GluN1 and GluN2B, are unchanged by ketamine
as shown immunohistochemically, with western blot experiments
and with electrophysiological analysis of NMDAR-mediated EPSCs.

We found that GluN2A did not contribute to synaptic NMDAR-
EPSCs in a small population of NAc neurons in ketamine-treated
mice. This might be due to a specific effect of ketamine in this
neuronal population, which remains to be identified. Another
probable explanation is the exclusive contribution of GluN2B to
synaptic NMDARs, as shown by the large inhibitory action of the
GluN2B antagonist in a small number of neurons. Nevertheless,
our results suggest that a low dose of ketamine does not alter the
molecular identity of NMDARs in most NAc neurons.
Ketamine was shown to activate the mTOR signaling pathway

and to facilitate new protein synthesis. This may contribute to
increased glutamatergic transmission by insertion of AMPARs at
synapses in the hippocampus and medial prefrontal cortex.3,11,38

In the NAc, we found that LTP in saline-treated mice is blocked by
an mTOR inhibitor, rapamycin, suggesting a role for mTOR in this
form of synaptic plasticity. In line with this possibility, an LTP
induction protocol was shown to increase mTOR phosphorylation
in the medial prefrontal cortex.41 The observation that rapamycin
does not prevent impairment of LTP in ketamine-treated mice,
suggests that the lasting blockade of LTP by ketamine does not
involve a lasting inhibition of mTOR or that mechanisms down-
stream of mTOR activation mediate the blockade of LTP by
ketamine. Alternatively, rapamycin and ketamine might impair LTP
through distinct pathways. In addition, (2R,6R)-HNK was shown to
modulate AMPAR function in the hippocampus without enhan-
cing mTOR phosphorylation.6 Whether ketamine and (2R,6R)-HNK
impair LTP induction in the NAc through mTOR signaling pathway
remains to be determined. The actions of ketamine and HFS are
not occlusive because we did not observe any potentiation of
AMPAR-mediated responses with single-cell recordings or with
field recordings in the NAc. Thus, ketamine does not modify basal
glutamatergic synaptic transmission and does not seem to
promote targeting of AMPARs to the synapse under normal
conditions (that is, with no intense activity in glutamatergic fibers).
Hebbian modifications of synaptic transmission such as LTP, well
described in the hippocampus and cortex, involve the activation
of NMDARs and subsequent phosphorylation of AMPARs by
CaMKII/PKC.14,15,44,46 In the NAc, we previously found that LTP is
dependent on NMDARs27 and we now demonstrate that LTP
induction involves the activation of CaMKII/PKC as well as mTOR.
Indeed, in saline-treated mice, LTP is inhibited by rapamycin and is
associated with an increase in the phosphorylation of GluA1 at a
CaMKII/PKC site (Ser831). Interestingly, we found that this
phosphorylation and the induction of LTP are blunted in
ketamine-treated mice. These results demonstrate that ketamine
inhibits Hebbian modifications in the NAc through an intracellular
mechanism that leads to a site-specific impairment of CaMKII/PKC
activation and phosphorylation of the GluA1 subunit of AMPARs.
Interestingly, ketamine does not affect the basal phosphorylation
of Ser831-GluA1, suggesting that different signaling pathways are
involved under normal activity as compared with that under
intense activity. Future experiments with mice bearing a targeted
alanine substitution of Ser831-GluA1, to prevent phosphorylation
of this residue, in the NAc, will provide further evidence for the
involvement of the CaMKII/PKC pathway in the antidepressant
action of ketamine. In addition, several signal transduction
pathways, which remain to be identified, are likely involved in
mediating the action of ketamine and in stress- and depression-
induced alterations of synaptic plasticity.53 Our results also show
that ketamine increases the phosphorylation of GluA1 at a protein
kinase A site (Ser845). Although phosphorylation of Ser845-GluA1
has a role in increasing channel conductance and insertion of
AMPARs at the synapse,44,45 we did not find a change in the basal
properties of synaptic transmission in ketamine-treated mice.
Several reports have demonstrated that ketamine, and also
(2R,6R)-HNK, applied in the perfusion solution enhance AMPAR-
mediated synaptic transmission in the hippocampus.6,20,38,54–58

Other reports demonstrate a lack of effect of this treatment in the
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same brain region59 and suggest that the acute effect of ketamine
is dependent on the concentration of this compound used and
the location of the recording within the hippocampus (somatic vs
dendritic recordings).58 The ketamine-induced increase in hippo-
campal synaptic transmission is mimicked or blocked by NMDAR
antagonists55,57,58 and requires presynaptic NMDARs.54 Further-
more, the increased glutamatergic transmission is not long-lasting,
because the EPSP returns to baseline 2–3 h after ketamine
perfusion.54 Zhang et al.26,38,54 further demonstrated that keta-
mine applied in the perfusion solution or administered intraper-
itoneally increases the phosphorylation of Ser845-GluA1 and the
expression of total GluA1 in the hippocampus. Our observations in
the NAc were made using an experimental paradigm different
from the studies in the hippocampus. Together, these different
studies demonstrate that the effect of ketamine is time-
dependent and region-specific. The fact that we did not observe
an increased glutamatergic transmission in the NAc one day after
the injection of ketamine, although the phosphorylation of Ser845-
GluA1 is increased, indicates that the ketamine-induced altera-
tions in the phosphorylation of GluA1 are critical, lasting effects,
which warrant further investigation. An alternate explanation is
the possibility that increased phosphorylation of Ser845-GluA1
primes glutamatergic synapses for another form of LTP.60 For
example, acute administration of ketamine is suggested to
increase dopamine levels in NAc,61,62 which in turn could
stimulate D1 receptors resulting in increased phosphorylation of
Ser845-GluA1. Other mechanisms such as homeostatic plasticity
might also contribute to the action of ketamine.11,63 An alternative
explanation is that the ketamine-induced increase in protein
kinase A-mediated Ser845-GluA1 phosphorylation might allow for
an amplified LTD through dephosphorylation of Ser845-GluA1 by
protein phosphatases.46 Consistent with this hypothesis, we found
that ketamine potentiates LTD in the NAc (unpublished observa-
tions). Moreover, in chronic stress models of depression, LTD in
the NAc is disrupted in susceptible mice64 and induction of LTD in
the afferents to the NAc from the ventral hippocampus has a pro-
resilient effect.65 Taken together, the aforementioned results and
our findings support the possibility that ketamine prevents
potentiation of glutamatergic synapses in conditions of intense
activation of glutamatergic inputs and oppose a loss of synaptic
depression induced by, for example, chronic stress.
We also observed that ketamine and (2R,6R)-HNK depress

glutamatergic synaptic transmission onto VTA-DA neurons. Thus,
ketamine and (2R,6R)-HNK induce a form of LTD, which does not
seem to involve a change in the composition and function of
NMDARs in VTA-DA neurons. The mechanism by which ketamine
and (2R,6R)-HNK induce LTD involves a postsynaptic locus of
action and AMPARs. Although we did not find that ketamine
modified the amounts or phosphorylation of GluA1, it is likely to
be that internalization of AMPARs or a change in their molecular
identity mediate ketamine-induced LTD. In fact, a form of NMDAR-
independent LTD has been demonstrated in VTA-DA neurons that
is induced by the activation of group I metabotropic glutamate
receptors (mGluRs), a switch in the subunit composition of
AMPARs and a redistribution of AMPARs from synaptic to
extrasynaptic or intracellular locations.66,67 Interestingly, group I
mGluRs, in particular mGluR5, are potential targets for the
development of antidepressants.68 Both NMDARs and AMPARs
are regulated by mGluR5 through intracellular mechanisms,69 and
mGluR5 deletion induces anti-depressive-like behavior in young
mice.70 The function of ketamine-induced LTD in VTA-DA neurons
might be to protect neurons against excessive firing activity. In a
social defeat stress model of depression, the firing and excitability
of VTA-DA neurons were shown to be increased in susceptible
mice but unaltered or decreased in resilient mice.50,71 Phasic
activation of VTA-DA neurons that project to the NAc is also pro-
susceptible while inhibition of this pathway is pro-resilient in a
social-defeat-stress model of depression.72 Our results are in favor

of decreased glutamatergic input in VTA-DA neurons as a
potential antidepressant mechanism of action of ketamine. Earlier
electrophysiological studies in the anesthetized rat have shown
that ketamine restores the decreased population activity of VTA-
DA neurons in helpless rats, in a region- and time-dependent
manner.61 Acute administration of ketamine increased the
number of spontaneously active neurons in the VTA through
AMPARs.62 These observations are not inconsistent with our
results because we examined the effect of ketamine one day after
its injection. The lasting effect of ketamine on population activity
in all parts of the VTA and the involvement of AMPARs remain to
be determined.
The finding that ketamine and (2R,6R)-HNK induce lasting

changes in basal glutamatergic synaptic transmission in the VTA
but not in the NAc suggest a synapse-specific action of these
compounds. Indeed, glutamatergic inputs to these two nuclei
arise from several different brain regions, that is, prefrontal cortex,
amygdala, thalamus and hippocampus for the NAc, and medial
prefrontal cortex, pedunculopontine tegmentum, lateral habenula,
hypothalamus, bed nucleus of the stria terminalis, laterodorsal
tegmental area and dorsal raphe for the VTA.73–76 Ketamine might
specifically alter one or several of these excitatory inputs to the
VTA but not the excitatory inputs to the NAc. In addition,
trafficking of AMPARs, in particular those containing or lacking the
GluA2 subunit, at specific glutamatergic synapses might underlie
the modulatory action of ketamine specifically in the VTA.77

The doses (3 and 10 mg kg − 1) of ketamine and (2R,6R)-HNK
used in the present study were based on previous work
demonstrating antidepressant actions of these compounds in
animal models.6,18,19 Sub-anesthetic doses of ketamine adminis-
tered to healthy volunteers induce cognitive effects and psychosis,
which last during the duration of ketamine infusion and up to 2
h.78,79 Ketamine exacerbates psychotic symptoms in patients with
schizophrenia and the duration of this effect is short-lasting.80–82

Higher doses of ketamine are usually required to induce
locomotor stimulation in rodent models of psychosis.83 Interest-
ingly, lasting changes in synaptic plasticity have been observed in
the hippocampus following administration of a single dose of
NMDAR antagonists, in particular MK801, in animal models of
acute psychosis.84 Therefore, we cannot totally rule out the
possibility that the synaptic changes observed in our study do not
relate to the dissociative, psychotic and/or abuse properties of
ketamine. We cannot be certain that the alterations in synaptic
plasticity induced by ketamine reported here underlie antidepres-
sant action of this drug. Indeed, in this study, we did not correlate
our electrophysiological observations with behavioral alterations
induced by ketamine or (2R,6R)-HNK, because the latter have been
described in several other published studies and the doses used
are well described for producing antidepressant actions in rodent
models.6,19,85

The role of ionotropic glutamate receptors in the NAc and VTA,
and the involvement of these brain regions in mediating the
effects of ketamine have not been extensively examined. To better
disentangle the role of the AMPARs and NMDARs in the VTA-NAc
circuit in the therapeutic versus side effects of ketamine, future
electrophysiological and behavioral studies with, for example,
conditional mice with ablation of specific AMPAR or NMDAR
subunits in the VTA and NAc are needed. To our knowledge, such
studies have not been performed, but the impact of deletion of
AMPAR and NMDAR subunits in other neuronal circuitries on
behavior and synaptic transmission have been performed. For
example, deletion of GluN2B in principal cortical neurons mimics
and occludes the actions of ketamine on behavior, glutamatergic
synaptic transmission and protein synthesis.86 Knockdown of
GluN2B in the bed nucleus of the stria terminalis also mimics the
affective effect of ketamine87 and deletion of GluA1 in glutama-
tergic neurons during adolescence induces behavioral alterations
that resemble schizophrenia-like abnormalities but not
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depression- or anxiety-like alterations.88,89 Knock-in mice in which
Ser845-GluA1 is replaced by alanine demonstrate loss of ketamine-
induced synaptic potentiation in the hippocampus and impaired
behavioral improvement induced by ketamine.54 Future studies
examining the effect of ketamine on behavior and LTP induction
in the NAc of mice with a targeted alanine substitution of Ser831-
GluA1 might reveal the role of this phosphorylation residue in
mediating the antidepressant action of ketamine. Furthermore,
the use of optogenetic tools, for example, will allow identifying
the neurophysiological and behavioral consequences of an altered
synaptic plasticity and function of AMPARs induced by ketamine
in the NAc-VTA circuitry and in the different neuronal populations
that compose these nuclei.
Most previous studies examining the molecular antidepressant

mechanisms of ketamine have investigated actions in cortical
regions, in particular prefrontal cortex, or hippocampus and have
reported that ketamine promotes AMPAR function and
synaptogenesis.9–13,90 A possible change in AMPAR and NMDAR
functions in mediating the antidepressant effect of ketamine is
supported by a study using magnetic resonance spectroscopy in
healthy human controls showing an increased glutamine/gluta-
mate ratio induced by ketamine after 24 h, reflecting increased
synaptic glutamate neurotransmission, specifically in frontal
cortical regions with high density of AMPARs.91 Our present data,
which demonstrate a reduced synaptic potentiation and AMPAR
function in VTA-NAc circuit, may therefore appear contradictory.
However, several previous studies have shown opposite changes
in depressed states and antidepressant responses on neuroplas-
ticity in NAc when compared with prefrontal cortex and
hippocampus.16 For example, it has been reported that stress-
induced depression increases BDNF in the NAc,92,93 but decreases
this neurotrophic factor in the hippocampus.94 Ketamine was
shown to increase BDNF in the hippocampus but this effect was
not sustained after 24 h.20 Our results do not allow us to
determine if ketamine alters the levels of BDNF in the NAc and
VTA, because the levels of this growth factor were unaltered 24 h
after the injection, which might indicate that BDNF levels have
already returned to baseline levels both in the NAc and VTA.
Enhanced AMPAR function, as demonstrated by, for example,
enhanced AMPA/NMDA ratio, increased glutamatergic synaptic
transmission or increased phosphorylation of GluA1,5,7,38,86,95 was
suggested to mediate synaptic plasticity underlying the anti-
depressant effects of ketamine and (2R,6R)-HNK. These observa-
tions were made in the hippocampus or prefrontal cortex. Our
data demonstrate decreased ability to strengthen glutamatergic
synapses in the NAc and decreased AMPAR function in the VTA,
following ketamine administration. Together, these studies and
our results suggest that ketamine mediates opposite synaptic
changes and ionotropic glutamate receptor modulation in cortical
regions and hippocampus versus deep brain nuclei of the
mesolimbic system.

CONCLUSIONS
In several recent clinical trials, ketamine was found to exert a rapid
antidepressant effect in formerly treatment resistant patients after
one intravenous treatment. Our findings demonstrate that
ketamine and (2R,6R)-HNK induce a lasting modulation of AMPAR
function and synaptic plasticity at glutamatergic synapses in the
NAc and VTA. Ketamine and (2R,6R)-HNK seem to prevent
potentiation and induce depression of glutamatergic synapses in
the NAc and VTA-DA neurons. This study provides new insights
into the role of AMPARs in the brain reward circuit in mediating
the effects of ketamine and might be useful for the development
of pharmacological tools that could be of therapeutic benefit in
the treatment of depression.
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