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The GABAA receptor agonist muscimol induces
an age- and region-dependent form of long-term
depression in the mouse striatum
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Several forms of long-term depression (LTD) of glutamatergic synaptic transmission have been identified in the dorsal stri-

atum and in the nucleus accumbens (NAc). Such experience-dependent synaptic plasticity might play important roles in

reward-related learning. The GABAA receptor agonist muscimol was recently found to trigger a long-lasting depression

of glutamatergic synaptic transmission in the NAc of adolescent mice, but the mechanisms that underlie this novel form

of LTD were not studied. Here we examined the effect of muscimol applied in the perfusion solution on the amplitude

of field excitatory postsynaptic potentials/population spikes (fEPSP/PSs) in mouse brain slices. We found that muscimol

depressed the fEPSP/PS in the NAc of adolescent mice but not adult mice, through both postsynaptic and presynaptic

mechanisms. Indeed, muscimol altered the fEPSP/PS paired-pulse ratio, depolarized the membrane of projection

neurons, and decreased the frequency, but not amplitude, of spontaneous excitatory postsynaptic currents in the NAc

of adolescent mice. The LTD induced by muscimol likely involved endocannabinoids, metabotropic glutamate receptors

(mGluRs), but not TRPV1 receptors. Muscimol-LTD was occluded by prior induction of LTD through low-frequency stim-

ulation (LFS) of the slice, demonstrating a common pathway in the induction of LFS-LTD and muscimol-LTD. We also found

that muscimol induced a form of LTD in the dorsolateral striatum of adult but not adolescent mice. This LTD was mediated

by endocannabinoids but did not involve mGluRs or TRPV1 receptors. These results identify a novel form of synaptic plas-

ticity, and its mechanisms of induction, which is age and region dependent. These findings may contribute to a better un-

derstanding of the increased susceptibility of the adolescent brain to long-term synaptic changes in regions associated with

reward mechanisms.

The nucleus accumbens (NAc) and the dorsal striatum play key
roles in reward-motivated behaviors and in motor learning. The
NAc integrates motivational information while the dorsolateral
part of the striatum (DLS) is involved in habit formation. Drugs
of abuse, such as alcohol and psychostimulants, are suggested
to mediate their reinforcing effects through alterations of gluta-
matergic synaptic transmission and plasticity in the NAc and
in the dorsal striatum (Hyman et al. 2006; Vengeliene et al.
2008; Everitt and Robbins 2013). A well-described form of long-
term depression (LTD) of glutamatergic neurotransmission in
the striatal complex involves the production and release of endo-
cannabinoids such as anandamide and 2-arachidonylglycerol.
Endocannabinoids were shown to inhibit glutamate release
in several brain regions including the NAc (Robbe et al. 2002;
Grueter et al. 2010). Several neurotransmitters, such as glutamate,
dopamine, adenosine, and serotonin contribute to the induction
of endocannabinoid-dependent LTD in the striatum (Lovinger
2010; Tozzi et al. 2011; Lerner and Kreitzer 2012; Burattini et al.
2014). Although GABA is the most important inhibitory neuro-
transmitter in the brain, few studies have examined its ability to
induce synaptic plasticity at glutamatergic synapses (Akhondza-
deh and Stone 1995). We recently found that the GABAA receptor
agonist muscimol induced a long-lasting inhibition of gluta-
matergic synaptic transmission in the NAc in adolescent but not
adult mice (Mishra and Chergui 2013). Because adolescents might

be more sensitive to drug-induced plasticity than adults, further
studies were needed to clearly identify age-related differences in
the mechanisms that lead to LTD induction in the NAc and possi-
bly also in the striatum. The first aim of our study was to examine
the contribution of endocannabinoids as a possible mechanism
for the ability of muscimol to induce LTD in the NAc of adolescent
mice. Our second aim was to determine if the age-related ability
of muscimol to induce LTD was specific for the NAc or if LTD
was also triggered in the DLS.

Results

Muscimol induces a form of LTD in the NAc of

adolescent, but not adult, mice
We have examined glutamatergic synaptic transmission in the
core region of the NAc in mouse brain slices by recording ex-
tracellular field excitatory postsynaptic potentials/population
spikes (fEPSP/PSs), as described previously (Schotanus et al.
2006; Schotanus and Chergui 2008). Adolescent mice were 22–
30 d old, and adult mice were 5–8 mo old. After a stable baseline
fEPSP/PS was recorded for at least 20 min, we applied muscimol
in the perfusion solution. We conducted pilot experiments to

1These authors contributed equally to this work.
Corresponding author: karima.chergui@ki.se

# 2016 Zhang et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first 12 months after the full-issue publication
date (see http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12
months, it is available under a Creative Commons License (Attribution-
NonCommercial 4.0 International), as described at http://creativecommons.
org/licenses/by-nc/4.0/.

Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.043190.
116.

23:479–485; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/16; www.learnmem.org

479 Learning & Memory

mailto:karima.chergui@ki.se
mailto:karima.chergui@ki.se
mailto:karima.chergui@ki.se
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.learnmem.org/cgi/doi/10.1101/lm.043190.116
http://www.learnmem.org/cgi/doi/10.1101/lm.043190.116
http://www.learnmem.org/cgi/doi/10.1101/lm.043190.116
http://www.learnmem.org/site/misc/terms.xhtml


determine the concentration of muscimol and the duration of its
perfusion that induced a stable and reproducible effect on the
fEPSP/PS amplitude. We found that 1 mM muscimol applied for
25 min in the perfusion solution produced a long-lasting inhibito-
ry effect on glutamatergic neurotransmission in the NAc of ado-
lescent mice. The amplitude of the fEPSP/PS was decreased to
71.2+4.9% of baseline 55–60 min after the start of the perfusion
with muscimol (P , 0.001; n ¼ 8 slices; Figs. 1A, 3F). In contrast,
in the NAc of adult mice, the same treatment did not induce
a long-lasting depression (92.5+3.8% of baseline; P ¼ 0.08; n ¼
20 slices; Fig. 1B). To determine whether muscimol had a presyn-
aptic locus of action in the NAc of adolescent mice, we used
a paired-pulse stimulation protocol in which two stimuli were
delivered at a 20-msec interval. We found that the amplitude
of the fEPSP/PS evoked by the first stimulation pulse decreased
to a degree similar to that seen in single-pulse experiments
(68.8+6.8% of baseline; P , 0.01; n ¼ 7 slices; Fig. 1C). The ratio
between the amplitude of the second and the first fEPSP/PS in-
creased (from 1.18+0.11 before muscimol to 1.51+0.11 after
muscimol; P , 0.05; n ¼ 7 slices; Fig. 1D) with a similar time
course as the effect of muscimol on the first fEPSP/PS. This result
suggests that muscimol presynaptically decreases glutamate
release in the NAc of adolescent mice.

Muscimol has pre- and postsynaptic effects in the NAc

of adolescent mice
To further identify the locus of action of muscimol, we performed
whole-cell patch-clamp recordings from medium spiny projec-
tion neurons in the NAc of adolescent mice as done previously
(Chergui 2011; Feng et al. 2014). In these neurons, muscimol in-
duced a membrane depolarization (from a resting membrane po-
tential of 285.0+1.5 mV to 271.2+0.7 mV; P , 0.001; n ¼ 5;

Fig. 2A) and an inward current (81.8+

9.7 pA; n ¼ 6). We measured spontane-
ous excitatory postsynaptic currents
(sEPSCs) in neurons voltage-clamped at
280 mV before and after bath applica-
tion of muscimol. Muscimol decreased
the frequency of sEPSCs (from 3.14+

0.3 Hz to 1.76+0.3 Hz; P , 0.001; n ¼
6; Fig. 2B,D) but did not alter their ampli-
tude (Fig. 2C,D). Taken together with our
field recordings, these results show that
muscimol has both post- and presynaptic
actions on the principal neurons of the
NAc of adolescent mice.

LTD induced by muscimol is

mediated by metabotropic

glutamate receptors and

endocannabinoids
The long-lasting inhibitory action of
muscimol on glutamatergic synaptic
transmission resembles endocannabi-
noid-dependent LTD previously demon-
strated in the NAc, following the acti-
vation of, for example, group I meta-
botropic glutamate receptors (mGluRs)
(Lovinger et al. 2003; Robbe et al. 2003;
Thomas and Malenka 2003). We exam-
ined whether the muscimol-induced
depression observed in the NAc of ado-
lescent mice involved group I mGluRs
and endocannabinoids. We found that
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Figure 1. The GABAA receptor agonist muscimol induces a form of LTD in the NAc of adolescent but
not adult mice. (A,B) The graphs show the time course of the effect of muscimol (1 mM), applied for 25
min in the perfusion solution at the time indicated by the black bar, on the mean (+SEM) amplitude of
the fEPSP/PS measured in the NAc of adolescent mice (A; n ¼ 8 slices) and adult mice (B; n ¼ 20 slices).
Insets show records of fEPSP/PSs measured in two slices at the time points indicated on the graphs (i.e.,
before [1] and 50–60 min after [2] the start of perfusion with muscimol). Scale bars: 0.6 mV/10 msec
(A) and 0.3 mV/10 msec (B). (C,D) Time course of the effect of muscimol in the NAc of adolescent mice
on the amplitude of the first fEPSP/PS (C) and on the ratio between the amplitude of the second fEPSP/
PS and the amplitude of the first fEPSP/PS (D) in paired-pulse experiments (n ¼ 7 slices). Data are ex-
pressed as a percentage of baseline fEPSP/PS amplitude in A–C.
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Figure 2. Muscimol has post- and presynaptic effects on medium spiny
projection neurons in the NAc of adolescent mice. (A) Membrane poten-
tial (mean+SEM) before and after muscimol (1 mM) measured in five
medium spiny projection neurons in the NAc of adolescent mice in whole-
cell current-clamp mode. (B,C) Average frequency (B) and amplitude (C)
of sEPSCs measured in six medium spiny projection neurons in the NAc of
adolescent mice before (baseline) and after muscimol application. (∗∗∗)
P , 0.001 compared with baseline (paired Student’s t-test). (D) sEPSCs re-
corded in whole-cell voltage-clamp mode (at 280 mV) in one medium
spiny projection neuron before (upper trace) and after perfusion with mus-
cimol (1 mM, middle trace). Bath application of the AMPA receptor antag-
onist CNQX (10 mM, lower trace) eliminates all sEPSCs, demonstrating
that the events measured are mediated by spontaneous release of gluta-
mate. Scale bars: 20 pA/1 sec.
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muscimol-induced LTD was significantly reduced in the presence
of the mGluR5 antagonist MPEP (20 mM; 94.2+2.7% of baseline;
n ¼ 9 slices; P , 0.05 compared with control slices; Fig. 3A,F).
In the presence of the cannabinoid receptor 1 (CB1) antagonist/
inverse agonist AM251 (2mM), muscimol did not depress synaptic
transmission (110.8+12.4% of baseline; P , 0.001 compared
with control slices; n ¼ 6 slices; Fig. 3B,F). These results suggest
that muscimol induces an mGluR5- and endocannabinoid-
dependent form of LTD in the NAc of adolescent mice.

To further determine the involvement of endocannabinoids
in muscimol-induced LTD, we examined whether the cannabi-
noid receptor agonist WIN 55,212-2 mimicked and occluded
the muscimol-induced depression. We found that WIN 55,212-2
(1 mM, applied for 15 min in the perfusion solution) induced
LTD in the NAc of adolescent mice. Indeed, WIN 55,212-2 pro-
duced a long-lasting depression of the fEPSP/PS amplitude (% of
baseline: 66.5+6.3; P , 0.001; n ¼ 10 slices; Fig. 3C). In a separate
set of experiments, we found that muscimol bath applied during
the synaptic depression induced by WIN 55,212-2 did not further

decrease the amplitude of the fEPSP/PS (96.7+3.8% of baseline
before muscimol; P , 0.05 compared with control slices; n ¼ 7
slices; Fig. 3D,F). These results show that the activation of canna-
binoid receptors by WIN 55,212-2 induces LTD, which occludes
muscimol-induced LTD. The effect of WIN 55,212-2 was age de-
pendent because, as shown recently (Zhang et al. 2015), this com-
pound failed to induce LTD in the NAc of adult mice (percent of
baseline: 90.6+16.2; P ¼ 0.68; n ¼ 7 slices, not shown).

We have examined the contribution of the vanilloid recep-
tor member of the transient receptor potential superfamily of
ion channels (TRPV1) in muscimol-induced LTD given that
these receptors mediate a form of LTD in a subpopulation of
medium spiny projection neurons in the NAc (Grueter et al.
2010). We found that in the presence of the TRPV1 receptor antag-
onist SB366791 (20 mM), muscimol was still able to induce LTD
in the NAc of adolescent mice (78.4+4.0% of baseline; P ¼
0.78 compared with control slices; n ¼ 8 slices; Fig. 3E,F), show-
ing that TRPV1 receptors do not play a role in muscimol-
induced LTD.
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Figure 3. Muscimol-induced LTD in the NAc of adolescent mice is mediated by metabotropic glutamate receptors and endocannabinoids. (A,B) Time
course of the effect of muscimol in the NAc of adolescent mice on the amplitude of the fEPSP/PS in the presence of the mGluR5 receptor antagonist MPEP
(20 mM, n ¼ 9 slices, graph A) and in the presence of the cannabinoid receptor antagonist AM251 (2 mM, n ¼ 6 slices, graph B). (C) The cannabinoid
receptor agonist WIN 55,212-2 (1 mM, for 15 min) induces an LTD in the NAc of adolescent mice (n ¼ 10 slices). (D) LTD induced by WIN 55,212-2
occludes LTD induced by muscimol (n ¼ 7 slices). (E) Time course of the effect of muscimol in the NAc of adolescent mice on the amplitude of the
fEPSP/PS in the presence of the TRPV1 receptor antagonist SB366791 (20 mM, n ¼ 8 slices). (F) Averaged effect of muscimol on the fEPSP/PS amplitude
in the NAc of adolescent mice in control slices, in the presence of MPEP, AM251, or SB366791 and following LTD induced by WIN 55,212-2 (after WIN).
(∗) P , 0.05, (∗∗) P , 0.01, (∗∗∗) P , 0.001 compared with baseline (paired Student’s t-test); (#) P , 0.05; (###) P , 0.001 (Dunnett).
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LTD induced by low-frequency stimulation occludes

muscimol-induced LTD
We tested the possibility that the LTD induced by muscimol in-
volved similar pathways as LTD induced by electrical stimulation
of the slice, which leads to neurotransmitter release. Several
reports have identified stimulation protocols that can elicit
endocannabinoid-dependent LTD in the NAc. We used a low-
frequency stimulation (LFS) that consisted of a 20 min-long 4
Hz train as described earlier (Burattini et al. 2014). We confirmed
that this protocol induced an LTD in the NAc of adolescent
mice (61.7+12.1% of baseline; P , 0.01 compared with baseline;
n ¼ 8 slices; Fig. 4A). We then tested whether this form of LTD
could occlude the LTD induced by muscimol. We found that after
LFS-LTD was established, muscimol failed to produce a long-
lasting decrease in the fEPSP/PS amplitude (102.4+10.0% of
baseline during LFS-LTD; P ¼ 0.94; n ¼ 5 slices; Fig. 4B,C). Thus,
muscimol-induced LTD observed in control slices is occluded by
LFS-LTD. This result suggests that the LTD triggered by LFS and

the LTD induced by muscimol share similar mechanisms of
induction.

Muscimol-LTD is induced in the DLS of adult but not

adolescent mice
We asked whether muscimol-induced LTD was region specific,
and we examined the ability of muscimol to affect glutamatergic
synaptic transmission in the DLS. In the DLS of adolescent mice,
muscimol failed to induce LTD (103.8+10.0% of baseline; P ¼
0.83; n ¼ 10 slices; Fig. 5A). However, in the DLS of adult mice,
muscimol induced a long-lasting inhibition of the fEPSP/PS
(81.3+3.1% of baseline; P , 0.01; n ¼ 13 slices; Fig. 5B,C). This
inhibition was not observed in the DLS of adult mice in the pres-
ence of the CB1 receptor antagonist AM251 (2 mM; 99.5+5.1% of
baseline; P ¼ 0.82; n ¼ 6 slices; Fig. 5C). However, LTD was still
induced by muscimol in the presence of the mGluR5 receptor an-
tagonist MPEP (20 mM; 85.8+4.7% of baseline; P , 0.05; n ¼ 5
slices; Fig. 5C) and of the TRPV1 receptor antagonist SB366791
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Figure 4. LTD induced by low-frequency stimulation occludes
muscimol-induced LTD in the NAc of adolescent mice. (A) LTD induced
in the NAc of adolescent mice by low-frequency stimulation (LFS),
applied at the time indicated by the black horizontal bar (n ¼ 8 slices).
(B) LTD induced by LFS occludes LTD induced by muscimol (n ¼ 5
slices). (C) Averaged effect of muscimol on the fEPSP/PS amplitude in
the NAc of adolescent mice in control slices (from Fig. 3F) and following
LTD induced by LFS. (∗∗∗) P , 0.001 compared with baseline (paired
Student’s t-test); (##) P , 0.01 (unpaired Student’s t-test).
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Figure 5. In the dorsolateral striatum, muscimol fails to induce LTD in
adolescent mice but induces a form of LTD in adult mice. (A,B) Time
course of the effect of muscimol (1 mM) on the mean (+SEM) amplitude
of the fEPSP/PS measured in the DLS of adolescent mice (A, n ¼ 10 slices)
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before (1) and 50–60 min after (2) the start of perfusion with muscimol.
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0.05, (∗∗) P , 0.01 compared with baseline (paired Student’s t-test), and
(#) P , 0.05 (Dunnett).
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(20 mM; 84.1+5.9% of baseline; P , 0.05; n ¼ 5 slices; Fig. 5C).
As shown recently (Zhang et al. 2015), the cannabinoid receptor
agonist WIN 55,212-2 failed to induce LTD in the DLS of adult
mice. Indeed, the amplitude of the fEPSP/PS remained unchanged
80 min after perfusion with WIN 55,212-2 (1 mM; % of baseline:
93.5+6.3; P ¼ 0.60; n ¼ 6 slices; not shown). WIN 55,212-2 did
not significantly affect the amplitude of the fEPSP/PS in the DLS
of adolescent mice either (% of baseline: 107.7+14.1; P ¼ 0.66;
n ¼ 9 slices; not shown).

Discussion

Our results demonstrate that activation of GABAA receptors with
muscimol induces long-lasting synaptic changes at glutamatergic
synapses in the striatal complex, in an age- and region-dependent
manner. Thus, muscimol triggers a form of LTD in the NAc of
adolescent but not adult mice, and in the DLS of adult but not ad-
olescent mice. The mechanism involved in muscimol-induced
LTD likely includes the release of endocannabinoids that act as
retrograde signaling molecule to presynaptically reduce gluta-
mate release.

GABA is released by spontaneously active neurons in the
striatum, even in brain slices. Indeed, around 98% of the total
striatal neuronal population is made of GABAergic neurons and
there are strong and frequent inhibitory responses in projection
neurons mediated by tonically released GABA acting on GABAA

receptors in the striatum (Chergui et al. 2000; Feng et al. 2014).
Activation of GABAA receptors by muscimol applied in the perfu-
sion solution might mimic the tonic activation of these receptors
by GABA released from GABAergic interneurons or projection
neurons. Our results identify a new form of LTD in the NAc that
is induced by muscimol and is age dependent. The basic pro-
perties of glutamatergic synaptic transmission in the NAc were
shown to be similar in adolescent and adult mice (Kasanetz and
Manzoni 2009), which suggests that the differences observed in
our study are not due to an altered transmission. The age-related
differences in the ability of muscimol to induce synaptic plasticity
might be attributable to several mechanisms. Our previous study
suggested that an increased inhibitory tone mediated by GABA in
adult NAc, when compared with adolescent NAc, might contrib-
ute to the inability of muscimol to induce LTD (Mishra and
Chergui 2013). Furthermore, the level of expression of GABAA re-
ceptors or differences in the subunit composition or channel
properties of these receptors (Laurie et al. 1992) might underlie
the differences observed in this study.

In the present work, we demonstrate that synaptic depres-
sion induced by muscimol is due to both post- and presynaptic
mechanisms. Muscimol depolarizes the membrane of medium
spiny neurons, which at rest is much hyperpolarized (�90 mV)
and negative to the reversal potential of GABAA inhibition
(Wilson 2007). Such a depolarization might trigger the release of
endocannabinoid that inhibit glutamate release. Presynaptic in-
hibition is demonstrated by a decrease in the sEPSC frequency
and an increase in paired-pulse ratio of fEPSP/PSs. In several brain
regions, including the NAc, activation of group I mGluRs induces
LTD, which is mediated by endocannabinoids (Lovinger et al.
2003; Robbe et al. 2003; Grueter et al. 2010). Here, we also demon-
strate that muscimol-induced LTD in the NAc is dependent on
mGluR5 and endocannabinoids. The involvement of mGluRs
demonstrates that glutamate released upon synaptic stimulation
also contributes to muscimol-induced LTD. The mechanism re-
mains to be determined but concurrent stimulation of mGluRs
and depolarization induced by muscimol might be necessary to
induce the release of endocannabinoids.

We found that muscimol-induced LTD is not induced in the
presence of the CB1 receptor antagonist AM251. However, this

compound and endocannabinoids might modify synaptic trans-
mission and induce synaptic plasticity through CB1 receptor-
independent actions (Edwards et al. 2012; Golovko et al. 2015).
We have performed several sets of experiments to examine this
possibility. We found that a TRPV1 receptors antagonist does
not block LTD induced by muscimol in the NAc of adolescent
mice, which suggests that TRPV1 receptors are not involved in
muscimol-induced LTD. In addition, muscimol-induced LTD is
occluded by prior LTD induced by either the CB1 receptor agonist
WIN 55,212-2 or by a low-frequency stimulation protocol that
was shown to induce endocannabinoids-mediated LTD in the
NAc (Burattini et al. 2014). These findings show that a common
mechanism mediates LTD and likely involves the release of endo-
cannabinoids and presynaptic depression of glutamate release.
Furthermore, the age-related difference in muscimol-induced
LTD correlates with the age-dependent ability of WIN 55,212-2
to induce LTD in the NAc and with a 50% reduction in the levels
of CB1 receptor in the adult NAc when compared with the ado-
lescent NAc (Zhang et al. 2015). Finally, the involvement of CB1
receptors in LTD in the NAc was unequivocally demonstrated
through the use of CB1 null mice in which the inhibition induced
by WIN 55,212-2 and LFS-LTD were absent (Robbe et al. 2002).
Such forms of LTD were also reliably prevented by CB1 receptors
antagonists such as the one we have used in our study. Taken
together, these findings support our hypothesis that muscimol-
induced LTD in the NAc of adolescent mice is mediated by endo-
cannabinoids, likely acting on CB1 receptors.

In the DLS, muscimol triggered an LTD in adult mice but not
in adolescent mice, while the opposite was observed in the NAc.
Both forms of LTD are blocked by AM251, suggesting that they in-
volve endocannabinoids. However, the mechanism that led to
endocannabinoid production and release might differ between
the two brain regions. In particular, muscimol-induced LTD in
the DLS of adult mice does not seem to involve mGluR5, and it
does not involve TRPV1 receptors either. In the DLS, synaptic
depression induced by muscimol is not mimicked by WIN
55,212-2 at a concentration that induces LTD in the NAc of adoles-
cent mice. The ability of this cannabinoid receptor agonist to in-
duce LTD in the DLS is likely influenced by the experimental
conditions, as described in previous studies (Huang et al. 2001;
Kreitzer and Malenka 2005; Sergeeva et al. 2007; Chepkova et al.
2009; Clarke and Adermark 2010; Zhang et al. 2015).

Conclusions
Our findings identify the mechanisms of a form of synaptic plas-
ticity mediated by endocannabinoids released following the acti-
vation of GABAA receptors. In addition, GABA-induced synaptic
plasticity shifts from the NAc in adolescent mice to the DLS
in adult mice. A comparable switch might constitute a cellular
substrate for the transition from motivation and initial drug use
to compulsive intake described for drug addiction (Everitt and
Robbins 2013). Our observations emphasize the importance of
the age of the animals used for electrophysiological studies of syn-
aptic plasticity. They provide further evidence for an increased
sensitivity of the NAc of adolescent mice, when compared with
adult mice, to cannabinoid receptor-dependent synaptic plasti-
city. Our study might contribute to a better understanding of
the increased sensitivity of the adolescent limbic system to the ef-
fects of abused drugs.

Materials and Methods

Animals and brain slice preparation
Experiments were approved by our local ethical committee (the
Stockholm’s north animal experimentation ethics committee)

Muscimol-induced LTD in the striatum

www.learnmem.org 483 Learning & Memory



and were performed as described previously (Schotanus et al.
2006; Zhang et al. 2014). All efforts were made to minimize
animal suffering. We used male C57BL/6 mice (Harlan Laborato-
ries) aged 22–30 d (adolescent) and 5–8 mo (adult). Mice were
maintained on a 12:12 h light–dark cycle and had free access to
food and water. Mice were anesthetized with isoflurane and un-
derwent cervical dislocation followed by decapitation. Their
brains were rapidly removed and coronal brain slices (400 mm
thick) containing the NAc, dorsal striatum, and the overlying
cortex were prepared with a microslicer (VT 1000S, Leica Micro-
system). Slices were incubated, for at least 1 h, at 32˚C in oxygen-
ated (95% O2 + 5% CO2) artificial cerebrospinal fluid (aCSF)
containing (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.3
MgCl2, 2.4 CaCl2, 10 glucose, and 26 NaHCO3, pH 7.4. Slices
were transferred to a recording chamber and were continuously
perfused with oxygenated aCSF at 28˚C.

Electrophysiology in brain slices
Extracellular field potentials were recorded using a glass micro-
pipette filled with aCSF positioned on the slice surface in the
NAc or in the DLS. These synaptic responses were evoked by stim-
ulation pulses applied every 15 sec to the brain slice through a
concentric bipolar stimulating electrode (FHC) placed near the re-
cording electrode on the surface of the slice. Single stimuli (0.1
msec duration) were applied at an intensity yielding 50%–60%
maximal response as assessed by a stimulus–response curve estab-
lished, for each slice, at the beginning of the recording session, by
measuring the amplitude of the field excitatory postsynaptic
potentials/population spikes (fEPSP/PSs) evoked by increasing
stimulation intensities. Paired-pulse stimulations consisted of
two stimulation pulses separated by a 20-msec interval. Low-
frequency stimulation was used to induce LTD of the fEPSP/PS
and consisted of a 4 Hz train of 20 min duration. The stimulation
intensity used for baseline fEPSP/PS recording was doubled during
the train. Signals were amplified 500 or 1000 times via an Axo-
patch 200B or a GeneClamp 500B amplifier (Axon Instruments),
acquired at 10 kHz, and filtered at 2 kHz.

Whole-cell patch-clamp recordings of medium spiny projec-
tion neurons in the NAc were made with the help of infrared-
differential interference contrast video microscopy as done pre-
viously (Chergui 2011; Feng et al. 2014). Patch electrodes were
filled with a solution containing, in mM: 120 D-gluconic acid,
20 KCl, 2 MgCl2, 1 CaCl2, 10 HEPES, 10 EGTA, 2 MgATP, 0.3
Na3GTP, pH adjusted to 7.3 with KOH. Whole-cell membrane
currents and potentials were recorded with an Axopatch 200B
(Axon Instruments), acquired at 10 kHz and filtered at 2 kHz.

Data acquisition and analysis
Data were acquired and analyzed with the pClamp 9 or pClamp
10 software (Axon Instruments). Numerical values are shown
as means with S.E.M., with n indicating the number of slices or
neurons tested. For fEPSP/PSs, data are expressed as percent of
the baseline response measured for each slice during the 5–10
min preceding start of perfusion with muscimol or with WIN
55,212-2, or before the delivery of low-frequency stimulation.
We used the Mini Analysis program Synaptosoft (Synaptosft,
Inc.) to analyze the frequency and amplitude of sEPSCs in individ-
ual medium spiny neurons of the NAc. Statistical significance of
the results was assessed by using the Student’s t-test for paired
and unpaired observations or one-way ANOVA followed by
Dunnett’s multiple comparison test.

Chemicals and drugs
Chemicals and drugs were purchased from Sigma-Aldrich, Tocris
Bioscience, and AbcamBiochemicals. All compounds were pre-
pared in stock solutions, diluted in aCSF to the desired final con-
centration and applied in the perfusion solution. The following
compounds were used (final concentrations in mM): AM251 (2),
CNQX (10), MPEP (20), muscimol (1), SB366791 (20), and WIN
55,212-2 (1).
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