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The prevalence of nicotine dependence is higher than that for any other substance abuse disorder; still, the underlying mechanisms are
not fully established. To this end, we studied acute effects by nicotine on neurotransmission in the dorsolateral striatum, a key brain
region with respect to the formation of habits. Electrophysiological recordings in acutely isolated brain slices from rodent showed that
nicotine (10 nM to 10 �M) produced an LTD of evoked field potentials. Current-clamp recordings revealed no significant effect by nicotine
on membrane voltage or action potential frequency, indicating that the effect by nicotine is primarily synaptic. Nicotine did not modulate
sIPSCs, or the connectivity between fast-spiking interneurons and medium spiny neurons, as assessed by whole-cell recordings com-
bined with optogenetics. However, the frequency of sEPSCs was significantly depressed by nicotine. The effect by nicotine was mimicked
by agonists targeting �7- or �4-containing nAChRs and blocked in slices pretreated with a mixture of antagonists targeting these receptor
subtypes. Nicotine-induced LTD was furthermore inhibited by dopamine D2 receptor antagonist and occluded by D2 receptor agonist. In
addition, modulation of cholinergic neurotransmission suppressed the responding to nicotine, which might reflect upon the postulated
role for nAChRs as a presynaptic filter to differentially govern dopamine release depending on neuronal activity. Nicotine-induced
suppression of excitatory inputs onto medium spiny neurons may promote nicotine-induced locomotor stimulation and putatively
initiate neuroadaptations that could contribute to the transition toward compulsive drug taking.
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Introduction
Tobacco use is a leading preventable cause of death worldwide,
yet �95% of those who try to quit relapse (Kandel et al., 1997). To

further decrease smoking prevalence, it is thus imperative to
identify factors that may contribute to the development of nico-
tine addiction. Even though the reinforcing properties of nicotine
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Significance Statement

To decrease smoking, prevalence factors that may contribute to the development of nicotine addiction need to be identified. The
data presented here show that nicotine suppresses striatal neurotransmission by selectively reducing the frequency of excitatory
inputs to medium spiny neurons (MSNs) while rendering excitability, inhibitory neurotransmission, and fast-spiking interneuron-MSN
connectivity unaltered. In addition, we show that the effect displayed by nicotine outlasts the presence of the drug, which could be
fundamental for the addictive properties of nicotine. Considering the inhibitory tone displayed by MSNs on dopaminergic cell bodies and
local terminals, nicotine-induced long-lasting depression of striatal output could play a role in behavioral transformations associated
with nicotine use, and putatively elicit neuroadaptations underlying compulsive drug-seeking habits.
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primarily have been attributed to the mesolimbic dopamine sys-
tem (Singer et al., 1982; Grenhoff et al., 1986; Benwell and Bal-
four, 1992; Corrigall, 1999; Di Chiara, 2000), later research has
put forward dorsal striatum as a key mediator of several reward-
related behaviors, including locomotor sensitization (Bamford et
al., 2008), cue-dependent drug-seeking (Quintana et al., 2012),
and compulsive drug-seeking habits (Yin et al., 2004; Vander-
schuren et al., 2005; Everitt and Robbins, 2016). Dorsal striatum
has especially been implicated in later stages of addiction, where
there appears to be a neuroanatomical progression from ventral
striatal to dorsal striatal control over drug-seeking behavior (Ger-
deman et al., 2003; Volkow et al., 2006; Yin et al., 2008). Under-
standing the effects displayed by nicotine on dorsal striatal
circuits is thus important for defining signaling pathways re-
cruited during acute and protracted drug exposure.

The majority of neurons in the striatum are GABAergic me-
dium spiny neurons (MSNs), which are activated in relation to
movements triggered by both memory-encoded and environ-
mental cues (Hikosaka et al., 1989). Because of the dense inner-
vation of glutamatergic afferents from cortex and thalamus, the
majority of synapses are excitatory, but striatal output is highly
regulated by intrinsic inputs from GABAergic and cholinergic
interneurons, and astrocytes (Zhou et al., 2002; Tepper et al.,
2004; Adermark and Lovinger, 2008; Witten et al., 2010; Ader-
mark et al., 2011a; Xu et al., 2015). nAChRs are not expressed on
MSNs but widely distributed on striatal interneurons and dopa-
minergic and glutamatergic terminals, thereby modulating stria-
tal output in a complex manner (Marshall et al., 1997; Kaiser and
Wonnacott, 2000; Faust et al., 2016; Howe et al., 2016; Siciliano et
al., 2017). Especially, nAChR activation has been reported to trig-
ger GABAergic interneurons (English et al., 2011; Luo et al.,
2013), which could indirectly alter dopaminergic firing and stri-
atal output (Koós et al., 2004; Adermark et al., 2011a; Clarke and
Adermark, 2015; Silberberg and Bolam, 2015). In addition, the
effect displayed by nicotine appears to depend on baseline firing
frequency (Koós and Tepper, 2002; Goutier et al., 2016). Indeed,
reduced activation of nAChRs has been postulated to enhance
dopamine bursts at high frequencies while depressing dopamine
release at lower frequencies, suggesting that nAChRs may work as
a presynaptic filter to differentially govern dopamine release de-
pending on neuronal activity (Rice and Cragg, 2004). To identify
acute effects by nicotine on selective circuits and to define the
overall impact on striatal output, field potential recordings were
conducted in the dorsolateral striatum (DLS) and combined with
optogenetics and whole-cell patch-clamp recordings.

Materials and Methods
Experimental design. The overall aim with this study was to define acute
effects mediated by nicotine on neurotransmission and synaptic output
from the DLS, a key brain region with respect to the formation of habits.
To this end, a battery of ex vivo electrophysiological recordings combined
with optogenetics were used in acutely isolated brain slices containing rat
striatum. A systematic approach was conducted to access concentration
dependency and the long-lasting effects by nicotine, after which pharma-
cological manipulations were performed to define the signaling pathways
recruited by nicotine.

Drugs. Pharmacological agents targeting selective receptors were dis-
solved in appropriate solvent and diluted in aCSF to the final concentra-
tion shortly before use. The nAChR agonist 3-bromocyticine was
dissolved in water to 5 mM and used at 10 or 500 nM, whereas PNU
282987 was dissolved in DMSO to 50 mM and further diluted to 1 �M in
aCSF. The �7 nAChR antagonist methyllycaconitine citrate (MLA) was
dissolved in H2O to 10 mM and used at 40 nM, the �6 nAChR antagonist
�-conotoxin PIA was dissolved in H2O to 200 �M and diluted in aCSF to

10 nM, the �4�2 nAChR antagonist dihydro-�-erythroidine hydrobro-
mide (DH�E) was dissolved in H2O to 22 mM and used at 1 �M, the CB1R
antagonist AM251 was dissolved in DMSO to 20 mM and used at 2 �M,
the NMDA receptor antagonist APV was dissolved in H2O to 50 mM and
diluted to 50 �M in aCSF, whereas the AMPA receptor antagonist CNQX
was dissolved in H2O to 20 mM and further diluted to 10 �M. The mus-
carinic acetylcholine receptor (mAChR) agonist oxotremorine ses-
quimufarate (Oxo) was dissolved in H2O to 25 mM and administered at
10 �M, whereas the dopamine D2 receptor agonist quinpirole hydrochlo-
ride was dissolved in H2O to 80 mM and used at 5 �M. The L-type calcium
channel inhibitor nifedipine was dissolved in DMSO to 100 mM and
further diluted in aCSF to 20 �M. All above substances were purchased
from Tocris Bioscience. (�)-Nicotine hydrogen tartrate salt was dis-
solved to final concentration (10 nM to 10 �M) in aCSF shortly before use,
whereas the nonselective nAChR antagonist mecamylamine hydrochlo-
ride was dissolved to 50 mM in H2O and applied at 0.5 or 10 �M. The
GABAA receptor antagonist bicuculline methiodide was dissolved in
H2O to 20 mM and further diluted in aCSF to 20 �M. The dopamine D1
receptor antagonist SCH23390 was dissolved in H2O to 10 mM and used
at 0.5 �M, whereas the dopamine D2 receptor antagonist sulpiride was
dissolved in ethanol to 20 mM and used at 5 �M. Scopolamine hydrobro-
mide was dissolved in aCSF (10 �M) shortly before use. All above sub-
stances were purchased from Sigma-Aldrich.

Brain slice preparation. Brain slices were prepared from juvenile male
RCC Han Wistar rats P28-P42 and adult Wistar rats (14 –16 weeks old,
300 g) (Envigo), as previously described in detail (Clarke and Adermark,
2010). In brief, animals were anesthetized with isoflurane and the brain
quickly removed and submerged in ice-cold modified aCSF consisting of
the following (in mM): 220 sucrose, 2 KCl, 6 MgCl2, 26 NaHCO3, 1.3
NaH2PO4, 0.2 CaCl2, and 10 D-glucose, continuously bubbled with a gas
mixture of 95% O2/5% CO2. Brains were sectioned coronally at 250 –350
�m using a VT 1200S Vibratome (Leica Microsystems). The slices were
transferred to a custom-made incubation chamber with conventional aCSF
containing the following (in mM): 124 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 26
NaHCO3, 1.2 NaH2PO4, and 10 D-glucose, with osmolarity adjusted to 315–
320 mOsm with sucrose, and continuously bubbled with 95% O2/5% CO2.
Slices were incubated in aCSF for 30 min at 30°C and at room temperature
for the remainder of the day. Experiments were approved by the Ethics
Committee for Animal Experiments, Gothenburg, Sweden.

Field potential recordings. Field potential recordings were performed as
previously described (Adermark et al., 2011b). In brief, one hemisphere
slice was placed in the recording chambers under constant flow of pre-
heated aCSF (30°C, 2 ml/min). A stimulating electrode (monopolar
tungsten electrode, type TM33B, World Precision Instruments) was
placed at the border of the subcortical white matter and the striatum, and
population spikes (PSs) were evoked using a paired-pulse stimulation
protocol with a 50 ms interpulse interval evoked at a frequency of 0.05
Hz. Stimulus intensity (0.01– 0.04 mA) was adjusted so that the PS am-
plitude was approximately half the size of the maximal response. Signals
were amplified by a custom-made amplifier, filtered at 3 kHz, and digi-
tized at 8 kHz. Data were analyzed with Clampfit 10.2 (Molecular De-
vices) and GraphPad Prism (GraphPad Software). A stable baseline was
monitored for at least 10 min before drug administration. In all record-
ings where antagonists/agonists were administered before nicotine, slices
were pretreated for at least 20 min and then continuously throughout the
experiment. In one set of experiments, endocannabinoid-mediated LTD
was induced by high frequent stimulation (HFS) (4 trains of 100 pulses
delivered at 100 Hz with a 4 s intertrain interval) as previously described
(Adermark and Lovinger, 2009). Responses with a PS amplitude �0.2
mV at baseline were excluded. In the displayed graphs, each data point is
presented as mean amplitude of 3 PSs recorded over 1 min.

Whole-cell patch-clamp recordings. Striatal brain slices from juvenile rats
were placed in a recording chamber under constant flow of preheated aCSF
(33°C–34°C, 2 ml/min). The region was identified using a 10�/0.30 objec-
tive attached to a Nikon Eclipse FN-1 microscope, whereas a 40�/0.80
water-immersion objective was used to localize MSNs for whole-cell record-
ings. Recording pipettes were prepared from borosilicate glass (outer diam-
eter, 1.5 �m, Sutter Instruments) and pulled to a resistance between 2.5 and
4.5 M� using a micropipette puller (model P-97, Sutter Instruments).
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Current-clamp recordings were conducted to define acute effects dis-
played by nicotine on MSN excitability. Pipettes for current-clamp re-
cordings were filled with a solution containing the following (in mM): 135
potassium gluconate, 5 EGTA, 0.5 CaCl2, MgCl2, 10 HEPES, 2 MgATP,
0.1 GTP, pH adjusted to 7.3 with KOH, and osmolarity to 278 mOsm
with sucrose. Current steps of 250 ms duration and ranging in intensity
from �80 to 320 pA, with incremental steps of 20 pA, were injected to
hyperpolarize and depolarize the cell membrane and measure voltage
changes. A number of parameters, including capacitance, resting mem-
brane potential, action potential (AP) threshold, rheobase, AP latency
and frequency, were assessed during baseline (aCSF perfusion) and fol-
lowing 10 min of bath-application of nicotine (1 �M).

In other sets of slices, sIPSCs or sEPSCs were recorded in MSNs
voltage-clamped at �65 mV. The same internal solution was used for
both types of measurements and contained the following (in mM): 150
CsCl, 10 HEPES, 2 MgCl2, 0.3 Na2GTP, 3 MgATP, and 0.2 BAPTA, with
pH adjusted to 7.2 with CsOH, and osmolarity set to 298 mOsm with
sucrose. To record sIPSCs, 50 �M AP5 and 10 �M CNQX were added to
the aCSF to block NMDA and AMPA receptor-mediated currents, whereas
20 �M bicuculline was added during measurement of sEPSCs. After initia-
tion of the whole-cell recording, stable baseline responses were observed over
5–10 min; and after 5 additional minutes of baseline recording, 1�M nicotine
was perfused for 10 min followed by drug washout.

Whole-cell recordings were conducted with an Axopatch 700B ampli-
fier (Molecular Devices), filtered at 2 kHz, and digitized at 5 kHz. Data
were acquired using Clampex 10.2. Only recordings with a stable series
resistance that varied �20% and did not exceed 25 M� were included in
the analysis. Off-line analysis of current-clamp recordings, sIPSCs, and
sEPSCs was performed using Clampex 10.2, Minianalysis 6.0 (Synap-
tosoft) and Graph Pad Prism.

Optogenetic recordings. Optogenetic control over fast-spiking in-
terneuron (FSI) transmitter release was performed as previously de-
scribed (Patton et al., 2016). Briefly, Pvalb-cre mice (�2 months old, bred
at University of Maryland) were injected with a double-floxed, AAV viral
vector containing DIO-ChR2-mCherry under an EF1a promoter (AAV-
flox-DIO-ChR2-mCherry) into the DLS (anteroposterior 0.6 mm, me-
diolateral �2.25 mm, dorsoventral �2.4 mm from bregma) and allowed
to recover for at least 3 weeks before brains were removed for acute slice
electrophysiology (Mathur et al., 2013). During the experiments, slices
were constantly perfused with carbogen-bubbled aCSF at 30°C (�1°C)

and nicotine applied to slices via a gravity perfusion system. Whole-cell
voltage-clamp recordings were made from visually identified MSNs lo-
cated in the infection zone using borosilicate glass pipettes. Pipettes used
were in the 2–5 M� resistance range and filled with a CsCl-based internal
solution (150 mM CsCl, 10 mM HEPES, 2 mM MgCl2, 0.3 mM Na-GTP, 5
mM QX-314, 3 mM Mg-ATP, and 0.2 mM BAPTA) at a pH of 7.3 and
osmolarity ranging from 305 to 310 mOsm. Blue light pulses (470 nm,
2– 4 ms pulse duration) were delivered every 20 s using epifluorescent
LED field illumination (Lumen Dynamics, XLED1) to elicit optically
evoked IPSCs (oIPSCs) in MSNs that were voltage-clamped at �60 mV
using a MultiClamp 700B amplifier (Molecular Devices). Recordings
were digitized at 10 kHz and filtered at 2 kHz using Clampex (Molecular
Devices). Any changes in series resistance that exceeded 15% resulted in
the exclusion of that cell from analysis. Mean oIPSC amplitudes were
averaged per minute and expressed as a percentage change from average
baseline oIPSCs.

Statistical analysis. Statistical analysis was performed using Graph Pad
Prism 7. Gaussian distribution was tested with the D’Agostino and Pear-
son omnibus normality test. Data are presented as mean � SEM, and the
level of significance was set to p � 0.05. Group effects and treatment
effects were analyzed using two-way ANOVA, Komolgorov–Smirnov
test, or t test when applicable.

Results
Nicotine administration suppresses PS amplitude in a
long-lasting manner
Changes in dorsal striatal neurotransmission induced by bath
perfusion of nicotine were assessed by field potential record-
ings. Administration of nicotine (10 nM to 10 �M) significantly
depressed evoked PSs (two-way ANOVA15– 40 min nicotine-
treatment vs aCSF: 10 nM (F(1,30) 	 21.7, p�0.001; 100 nM: F(1,13) 	
9.32, p 	 0.009; 1 �M: F(1,21) 	 14.3, p 	 0.001; 10 �M: F(1,22) 	
17.8, p � 0.001) (Fig. 1C,D). The decrease in PS amplitude was
accompanied by an increase in PPR, indicative of reduced prob-
ability for transmitter release (1 �M nicotine: t(19) 	 4.82, p �
0.001) (Fig. 1E). Nicotine (1 �M) produced a similar effect when
administered to brain slices from adult Wistar rats (�3 months

Figure 1. Nicotine suppresses PS amplitude. A, Schematic drawing showing the area in the DLS where recordings were performed. B, Representative traces represent evoked PSs at baseline
(black) and following nicotine perfusion (gray). Calibration: 0.2 mV, 2 ms. C, Nicotine depressed PS amplitude in DLS compared with continuous perfusion with aCSF. D, Bar graphs represent PS
amplitudes following 25 min of administration of different concentrations of nicotine. E, The decrease in PS amplitude induced by 1 �M nicotine was concomitant with an increase in PPR, indicative
of reduced probability for transmitter release. F, Nicotine depressed evoked PS amplitude to a similar extent in brain slices from adult rats (�300 g). G, The effect displayed by 1 �M nicotine sustained
during drug washout, both in slices pretreated with the CB1R antagonist AM251 and controls. H, The increase in PPR sustained also during drug washout. I, Nicotine-induced LTD did not occlude LTD
induced by HFS. Arrow indicates time point for HFS. Graphs represent mean PS amplitude � SEM over time. n 	 the number of recordings, performed in slices from rats from at least three different
litters. *p � 0.05, significant compared with baseline. **p � 0.01, significant compared with baseline. ***p � 0.001, significant compared with baseline.
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old) compared with juvenile rats (P21–P35) (juvenile vs adult:
F(1,29) 	 2.04, p � 0.05) (Fig. 1F).

Nicotine induced an LTD of PS amplitude that sustained dur-
ing drug washout (Fig. 1G). The increase in PPR induced by
nicotine also remained following nicotine washout (drug 20 min
wash on: t(22) 	 4.54, p � 0.001; 20 min wash off: t(22) 	 2.50, p 	
0.020; wash on vs wash off: t(22) 	 0.37, df 	 22, p � 0.05) (Fig.
1H). Neither the acute depression nor nicotine-induced LTD was
inhibited in slices pretreated with the cannabinoid 1 receptor
(CB1R) antagonist AM251 (2 �M) (F(1,32) 	 1.09, p � 0.05; Fig.
1G). Furthermore, nicotine did not occlude LTD induced by HFS
(paired t test: t(15) 	 4.48, p � 0.001; Fig. 1I). Endocannabinoid-
mediated LTD, which has previously been shown to be regulated
by nAChRs (Partridge et al., 2002; Adermark, 2011; Adermark et
al., 2018), does thus not underlie nicotine-induced LTD.

Nicotine does not alter excitability of MSNs
To determine whether nicotine modulates PS amplitude by alter-
ing MSN excitability, whole-cell recordings were performed in
current-clamp mode. MSNs had a mean capacitance of 59 � 4.98
pf (n 	 16) (Fig. 2A), which is in line with previous studies
(Dorris et al., 2015). Ten minutes perfusion of nicotine (1 �M)
did not significantly alter membrane voltage potential (t(15) 	
0.41, p � 0.05; Fig. 2B) or I–V relationship (t(15) 	 1.46, p � 0.05;
Fig. 2C). In addition, when monitoring active membrane prop-
erties, there were no significant effects by nicotine on AP thresh-
old (t(13) 	 0.26, p 	 0.79), Rheobase (t(14) 	 1.56, p 	 0.14), AP
latency (F(1,29) 	 0.20, p 	 0.65), or AP frequency (F(1,30) 	 0.64,
p 	 0.43) (Fig. 2). Nicotine may thus primarily modulate striatal
neurotransmission by altering presynaptic inputs onto MSNs.

Nicotine selectively modulates excitatory inputs on to MSNs
PS amplitude is tightly regulated by inhibitory neurotransmis-
sion, and activation of nAChRs has previously been shown to
increase the firing of FSIs (Luo et al., 2013). FSI-MSN connectiv-
ity was assessed by measuring IPSCs in MSNs evoked by optoge-

netic activation of FSIs (oIPSCs) (Fig. 3A). Light-evoked oIPSCs
were, however, not significantly enhanced by nicotine adminis-
tration (PS amplitude at t 	 25–30 min: 115 � 15.5% of baseline,
t(8) 	 0.98, p � 0.05), suggesting that increased FSI-MSN con-
nectivity is not the primary cause of depressed PS amplitude fol-
lowing nicotine exposure (Fig. 3B). To determine whether other
subtypes of GABAergic cells could be involved in mediating
nicotine-induced suppression of striatal neurotransmission,
sIPSCs were recorded in MSNs. However, 10 minutes adminis-
tration of nicotine (1 �M) did not alter recorded sIPSCs (sIPSC
frequency: 98 � 4.9% of baseline, t(21) 	 0.35, p � 0.05; sIPSC
amplitude: 99 � 1.7% of baseline, t(21) 	 0.79, p � 0.05) (Fig. 3).
Nicotine had also no effect on the cumulative distributions of either
event intervals or amplitudes (Komolgorov–Smirnov test: event in-
tervals: D 	 0.07, p 	 0.09; amplitude: D 	 0.06, p 	 0.20) (Fig.
3J,K). In addition, pretreatment with the GABAA receptor antago-
nist bicuculline was insufficient to block nicotine-induced LTD
(F(1,31) 	 0.18, p � 0.05) (Fig. 3L).

Contrasting the lack of effect by nicotine on recorded sIPSCs,
sEPSC frequency was significantly decreased following a 10 min
bath perfusion of 1 �M nicotine (77 � 3.9% of baseline, t(23) 	
5.77, p � 0.001) (Fig. 4F), whereas amplitude remained unaf-
fected (97 � 2.7% of baseline, t(23) 	 1.23, p � 0.05) (Fig. 4G).
The depressant effect by nicotine on sEPSC frequency sustained
during drug washout (77 � 10.2% of baseline, t(13) 	 2.28, p 	
0.04) (Fig. 4F). Nicotine furthermore modulated the cumulative
distributions of interevent intervals but had no effect on ampli-
tudes (Komolgorov–Smirnov test: event intervals: D 	 0.11, p �
0.001; amplitude: D 	 0.05, p 	 0.92) (Fig. 4H, I). Nicotine thus
appears to suppress PS amplitude by reducing the frequency of
excitatory inputs onto MSNs in a long-lasting manner.

nAChR subtypes mediating nicotine-induced suppression of
PS amplitude
nAChR subtypes are expressed on different neuronal popula-
tions, thereby exerting a complex modulation of striatal output.

Figure 2. MSN excitability is not affected by nicotine. Current-clamp recordings showed no significant effect on MSN membrane properties or AP firing in response to nicotine exposure. A, The
membrane capacitance from the recorded cells (n 	 16) corresponded well with values previously reported for MSNs. B, C, Ten minutes administration of nicotine (1 �M) did not significantly
modulate membrane voltage or I–V relationship compared with baseline. D, The threshold for AP firing was not modulated by nicotine administration. E, Representative traces of current-clamp
recordings at baseline and following 10 min of nicotine exposure. Calibration: 20 mV, 10 ms. F–H, Administration of nicotine did furthermore not influence Rheobase, AP latency, or AP frequency.
Data are mean � SEM, and based on 16 cells taken from rats from at least three different litters.
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Figure 3. Nicotine does not suppress PS amplitude by enhancing GABAergic neurotransmission. A, Representative traces show IPSCs in a MSNs evoked by optogenetic activation of FSIs at baseline
(black) and following nicotine administration (gray). Calibration: 200 pA, 200 ms. B, Time course graph showing oIPSCs in MSNs from mouse DLS. Nicotine did not significantly increase FSI-DLS
connectivity. C, Representative traces showing measured sIPSCs at baseline, following 10 min perfusion of nicotine, and during washout. Calibration: 100 pA, 10 s. D, Time course figures showing
relative frequency of recorded sIPSCs before, during, and after nicotine perfusion. E, Scatterplot showing sIPSC frequency in individual neurons at baseline, following 10 min of nicotine perfusion, and
after 10 min washout (W/O). F, Bar graph represents mean change in sIPSC frequency induced by 10 min of exposure to nicotine. G, Scatterplot describes sIPSC amplitude at baseline and after 10 min
of nicotine administration in individual neurons. H, Time course graph represents relative sIPSC amplitude during nicotine administration. I, Bar graphs represent mean change in sIPSC amplitude
induced by 10 min of exposure to nicotine and following washout. J, K, Nicotine had no effect on the cumulative distributions of either event intervals or amplitudes. L, Pretreatment with the GABAA

receptor antagonist bicuculline did not prevent the nicotine-induced LTD of evoked PSs. Time course graphs represent mean values � SEM over time. n 	 the number of cells, taken from rats from
at least three different litters.
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Administration of the wide-spectrum blocker mecamylamine
did not prevent nicotine-induced suppression of recorded
sEPSCs (frequency: t(4) 	 5.57, p 	 0.005; amplitude: t(4) 	 0.65,
p � 0.05) (Fig. 5A). Nicotine did also produce a similar depres-
sion of recorded field potentials in slices pretreated with mecam-
ylamine (nicotine vs mecamylamine
nicotine: F(1,23) 	 0.04,
p � 0.05) (Fig. 5B). To define the receptor subtype involved in
mediating nicotine-induced suppression of PS amplitude, brain
slices were perfused with more selective antagonists and agonists.
�7-containing nAChRs is the primary subtype expressed on glu-
tamatergic terminals, and the �7-specific agonist PNU 282987
(1 �M) significantly suppressed PS amplitude (F(1,29) 	 14.9, p �
0.001) and increased PPR (t(25) 	 2.15, p 	 0.041) (Fig. 5C,D).
Pretreatment with the �7-specific antagonist MLA (40 nM)
blocked PNU 282987-induced depression (F(1,36) 	 16.8, p �
0.001), with a combination of mecamylamine and MLA not hav-
ing any additional effect (F(1,36) 	 2.02, p � 0.05) (Fig. 5C).
However, MLA did not prevent nicotine-induced depression of
PS amplitude (F(1,30) 	 1.30, p � 0.05) (Fig. 5F), suggesting that

other subtypes might additionally contribute to nicotine-
induced LTD. Administration of a low concentration of the
nAChR agonist 3-bromocytisine (10 nM), which should act selec-
tively on �4�2-containing nAChRs, also produced LTD (F(1,24) 	
49.7, p � 0.001; PPR: t(15) 	 2.47, p 	 0.026) (Fig. 5G,H). Syn-
aptic depression induced by 3-bromocytisine was blocked by a
low dose of mecamylamine (0.5 �M) (F(1,15) 	 8.89, p 	 0.01;
Fig. 5G), supporting a specific interaction with �2-containing
nAChRs. However, pretreatment with the more selective antag-
onist DH�E (1 �M), which should primarily inhibit �4�2-
containing nAChRs, was also insufficient to block the depressant
effect by nicotine (F(1,45) 	 3.47, p � 0.05) (Fig. 5F). Interest-
ingly, a higher concentration of 3-bromocytisine (500 nM), which
should activate both �4�2- and �7-containing nAChRs, did not
produce an additive effect on evoked PSs (500 nM: F(1,25) 	 15.7,
p � 0.001; 10 nM vs 500 nM: F(1,32) 	 1.28, p � 0.05) (Fig. 5I). In
addition, a combination of bromocytisine and PNU 282987 did
not further depress PS amplitude (500 nM 3-bromocytisine vs 10
nM 
 PNU 282987: F(1,37) 	 1.29, p � 0.05 (Fig. 5I). At the same

Figure 4. Nicotine suppresses the frequency of excitatory inputs to MSNs. A, Time course graph showing sEPSC frequency in an example cell during continuous nicotine perfusion (1 �M). B, C,
Graphs represent relative sEPSC frequency and amplitude over time. D, E, Scatterplots shows sEPSC frequency and amplitude at baseline, following 10 min of nicotine perfusion, and after 10 min
washout (W/O) in individual neurons. F, G, Bar graphs represent mean change in sEPSC frequency and amplitude induced by 10 min exposure to nicotine. H, I, Nicotine significantly modulated the
cumulative distribution of interevent intervals but had no effect on amplitudes. J, Representative traces show recorded sEPSCs at baseline, following 10 min of nicotine, and after 10 min washout.
Calibration: 40 pA, 2 s. n 	 the number of cells taken from rats from at least three different litters. *p � 0.05, significant compared with baseline. ***p � 0.001, significant compared with baseline.
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time, combined administration of MLA and DH�E significantly
inhibited nicotine-induced LTD (F(1,41) 	 18.4, p � 0.001) (Fig.
5F), supporting a combined effect mediated through �4�2- and
�7-containing nAChRs. MLA in combination with a low concen-
tration of mecamylamine (0.5 �M) also prevented LTD induced
by either 3-bromocytisine (500 nM) (3-bromocytisine vs MLA 

mecamylamine 
 3-bromocytisine; F(1,33) 	 14.2, p � 0.001)
(Fig. 5I), or 1 �M nicotine (nicotine vs MLA 
 mecamylamine 

nicotine: F(1,31) 	 85, p � 0.001) (data not shown).

Signaling pathways contributing to nicotine-induced
suppression of striatal neurotransmission
Dopamine axon terminals in the striatum express a large diversity
of nAChRs, allowing nicotine to regulate the probability of do-
pamine release (Rice and Cragg, 2004). Nicotine-induced LTD
was not blocked by the dopamine D1 receptor antagonist
SCH23390 (0.5 �MM) (aCSF vs SCH23390 
 nicotine: F(1,23) 	
80, p � 0.001) but significantly inhibited by the dopamine D2
receptor antagonist sulpiride (5 �M) (nicotine vs sulpiride 

nicotine: F(1,30) 	 24, p � 0.001) (Fig. 6A). Similarly, PPR was
only enhanced by nicotine in SCH23390-pretreated slices, and
not in slices pretreated with sulpiride (SCH23390: t(11) 	 2.39,
p 	 0.036; sulpiride: t(17) 	 0.68, p � 0.05) (Fig. 6B). Sulpiride
also prevented nicotine-induced decrease in sEPSC frequency
(sEPSC frequency: t(7) 	 1.56, p � 0.05; sEPSC amplitude: t(7) 	
1.30, p � 0.05) (Fig. 6C). Sulpiride did not modulate PS ampli-
tude by itself (F(1,18) 	 2.19, p � 0.05), indicating that dopamine
D2 receptors are not tonically activated in these field potential
recordings (data not shown). Furthermore, the dopamine D2
receptor agonist quinpirole suppressed sEPSC frequency (fre-
quency: t(5) 	 5.36, p 	 0.003; amplitude: t(5) 	 0.45, p � 0.05)
(Fig. 6E) and PS amplitude (F(1,44) 	 9.60, p � 0.01), and oc-
cluded the decrease in PS amplitude induced by 1 �M nicotine
(nicotine vs quinpirole 
 nicotine: F(1,28) 	 16, p � 0.001; PPR:
t(7) 	 1.27, p � 0.05) (Fig. 6D).

Previous studies based on ex vivo voltammetry suggest that
nicotinic modulation of dopaminergic neurotransmission is
highly regulated by the cholinergic tone (Exley and Cragg, 2008;
Threlfell et al., 2010). In the last set of experiments, slices were
thus pretreated with the mAChR agonist Oxo (10 �M) or the
wide-spectrum mAChR antagonist scopolamine (10 �M). Acti-
vation of mAChRs significantly reduced sEPSC frequency, sug-
gesting that mAChR activation decreases the frequency of
glutamatergic inputs onto MSNs (frequency: t(7) 	 8.17, p �
0.001; amplitude: t(7) 	 0.81, p � 0.05) (Fig. 6I). Oxo further-
more suppressed PS amplitude and increased PPR (F(1,25) 	 94,
p � 0.001; PPR: t(16) 	 5.11, p � 0.001) (Fig. 6F,G). Although
mAChRs exert a strong inhibitory control over L-type calcium
channels (Howe and Surmeier, 1995), synaptic depression in-
duced by Oxo was not sensitive to the L-type calcium channel
blocker nifedipine (10 �M) (F(1,17) 	 2.07, p � 0.05; Fig. 6F). It
was furthermore not modulated by the GABAA receptor an-
tagonist bicuculline (20 �M) (F(1,24) 	 2.57, p � 0.05; Fig. 6F ).
Inhibition of mAChRs did not significantly alter striatal neu-
rotransmission (F(1,39) 	 0.02, p � 0.05; PPR t(23) 	 1.94, p �
0.05) (Fig. 6 F, G).

Pretreatment with mAChR-modulating substances signifi-
cantly inhibited nicotine-induced LTD (Oxo: nicotine vs nico-
tine 
 Oxo: F(1,39) 	 5.72, p 	 0.022; aCSF vs nicotine 
 Oxo:
F(1,37) 	 2.91, p � 0.05; scopolamine: nicotine vs nicotine 

scopolamine: F(1,48) 	 13.6, p � 0.001; aCSF vs nicotine 
 sco-
polamine: F(1,51) 	 3.40, p � 0.05) (Fig. 6J). Nicotine further-
more did not increase PPR in slices pretreated with either Oxo or
scopolamine (Oxo 
 nicotine: t(17) 	 1.11, p � 0.05; scopol-
amine 
 nicotine: t(18) 	 0.90, p � 0.05; aCSF 
 nicotine: t(19) 	
4.20, p � 0.001) (Fig. 6K). In addition, simultaneous activation
of mAChRs and nAChRs did not potentiate the decrease in PS
amplitude mediated by Oxo alone (Oxo vs Oxo 
 nicotine: F(1,25) 	
0.87, p � 0.05) (Fig. 6F).

Figure 5. Nicotine induces LTD via activation of �7- and �4-containing nAChRs. A, The broad-spectrum nAChR antagonist mecamylamine did not prevent nicotine-induced depression of sEPSC
frequency. B, Nicotine (1 �M) depressed PS amplitude to a similar extent in mecamylamine-pretreated slices. C, D, Administration of the �7-specific agonist PNU 282987 depressed PS amplitude
and enhanced PPR in a manner that was blocked by MLA. E, Example traces showing evoked PSs at MLA-treated baseline (black) and following nicotine (gray). Calibration: 0.2 mV, 2 ms. F, Combined
inhibition of �7- and �4-expressing nAChR was required to fully block nicotine-induced LTD. G, H, A low concentration of 3-bromocytisine (10 nM), which should act selectively on �4-expressing
nAChR, induced LTD and increased PPR, and was antagonized by mecamylamine. I, Neither a higher concentration of 3-bromocytisine (500 nM), which should activate both �4- and �7-containing
nAChRs, nor a combination of 3-bromocytisine and PNU 282987 produced an additive depression of PS amplitude. LTD induced by 3-bromocytisine (500 nM) was blocked in slices pretreated with
mecamylamine combined with MLA. J, Example traces show evoked PSs at DH�E-treated baseline (black) and following administration of nicotine (gray). Calibration: 0.2 mV, 2 ms. Time course
graphs show mean PS amplitude � SEM over time. n 	 the number of recordings, performed in slices from rats from at least three different litters. *p � 0.05, significant compared with baseline.
**p � 0.01, significant compared with baseline.

Licheri et al. • Nicotine Induces Striatal LTD J. Neurosci., July 18, 2018 • 38(29):6597– 6607 • 6603



Discussion
The data presented here suggest that nicotine reduces the fre-
quency of excitatory inputs to MSNs, resulting in a decrease in PS
amplitude that is sustained during drug washout. Considering
the inhibitory tone displayed by MSNs on dopaminergic cell bod-
ies and terminals, reduced striatal output may play a role in
nicotine-induced behavioral sensitization (Bamford et al., 2008;
Ryu et al., 2017) but could also contribute to long-lasting neuro-
adaptations underlying compulsive drug-seeking habits (Yin et
al., 2004; Vanderschuren et al., 2005; Adermark et al., 2016;
Everitt and Robbins, 2016).

Decreased neurotransmission in the DLS following nicotine
exposure is in line with a recent study showing reduced striatal
glutamate levels in vivo following nicotine administration in na-
ive animals (Ryu et al., 2017), and partially supported by the
finding that in vivo administration of nicotine produces a long-
lasting increase in striatal PPR (Abburi et al., 2016). Nicotine-
induced LTD does not appear to be connected to changes in MSN
excitability but linked to a reduction in the frequency of excit-
atory inputs. Nicotine-induced LTD requires activation of either
�4�2- or �7-containing nAChRs and involves dopamine D2 re-
ceptor signaling. In addition, nicotine-induced LTD is modu-
lated by mAChRs, which in part supports previous studies
indicating a complex cooperative interaction between cholin-
ergic interneurons and dopaminergic neurotransmission in the

striatum (Rice and Cragg, 2004; Exley and Cragg, 2008; Mamali-
gas et al., 2016).

The depression induced by nicotine on sEPSC frequency and
PS amplitude sustained in slices pretreated with the broad-
spectrum inhibitor mecamylamine, which is partially in line with
other studies showing that a combination of mecamylamine and
MLA is required to block the effects by nicotine (Lecca et al.,
2000; Zanetti et al., 2006). This finding is most likely connected to
mecamylamine’s low affinity for �7-containing nAChRs (Briggs
and McKenna, 1996; Frazier et al., 1998; Papke et al., 2001). �7-
specific agonists have previously been shown to increase dopa-
mine release (Campos et al., 2006; Huang et al., 2014), whereas
antagonists attenuate nicotine-induced dopamine release (Lecca
et al., 2000). Dopamine release has in these studies been linked to
activation of �7-containing nAChRs on glutamatergic terminals,
thereby indirectly stimulating dopamine release. These theories,
however, are not fully supported by our data, which showed no
trend toward an increase in sEPSC frequency during the initial
minutes of drug wash on. In addition, the �7-specific agonists
PNU 282987 also depressed PS amplitude, indicating that �7
nAChRs might affect dopamine release through additional
mechanisms.

Agonists targeting �7- or �4�2-containing nAChRs mim-
icked the effect by nicotine, but neither MLA nor DH�E was
sufficient to block nicotine-induced depression alone. Impor-

Figure 6. Nicotine-induced LTD is mediated through dopamine D2 receptor signaling. A, B, Nicotine-induced LTD and the concomitant increase in PPR were independent on dopamine D1
receptors but blocked by the dopamine D2 receptor antagonist sulpiride. C, Sulpiride also prevented nicotine-induced suppression of sEPSC frequency. D, Quinpirole suppressed PS amplitude and
occluded the depressant effect displayed by nicotine. E, Administration of quinpirole furthermore suppressed sEPSC frequency, but not amplitude. F, G, Activation of mAChRs reduced PS amplitude
and increased PPR, whereas inhibition of mAChRs had no significant effect. Depression induced by Oxo was not potentiated by nicotine and was not altered in slices pretreated with the L-type calcium
channel inhibitor nifedipine, or the GABAA receptor antagonist bicuculline. H, Schematic drawing showing a putative mechanism of action, where nicotine acts on nAChRs on dopaminergic
terminals, cholinergic interneurons, and possibly astrocytes. nAChR activation may collectively facilitate dopamine release and induce depression via activation of dopamine D2 receptors that could
be located on glutamatergic terminals. I, Ten minutes of bath perfusion of Oxo reduced sEPSC frequency but had no significant effect on amplitude. J, K, Both activation and inhibition of mAChRs
reduced nicotine-induced suppression of PS amplitude and prevented the nicotine-induced increase in PPR. Data are mean � SEM. n 	 number of recordings/cells, taken from rats from at least
three different litters. *p � 0.05, significant compared with baseline. **p � 0.01, significant compared with baseline. ***p � 0.001, significant compared with baseline. #p � 0.05, significant
compared with nicotine-treated control.
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tantly, MLA blocked the decrease in PS amplitude induced by
PNU 282987, whereas the effect displayed by a low concentration
of 3-bromocytisine was prevented by mecamylamine. These
compounds thus appear to act selectively on �7- and �4�2-
containing nAChRs. Somewhat surprisingly, despite acting on
different receptor subtypes, there was no additive effect when
coactivating these nAChR subtypes. Astrocytes, which have been
implicated as important regulators of neuronal function, may
express both �4�2- and �7-containing nAChRs (Delbro et al.,
2009; Grybko et al., 2010; Adermark and Bowers, 2016) (Fig.
6H). Astrocytes are hyperpolarized by agonists targeting nAChRs
and mAChRs (Hösli et al., 1988), and nicotine has been reported
to modulate the characteristics of both glial glutamate transport-
ers and glutamine synthetase activity in cultured astrocytes (Lim
and Kim, 2003). Importantly, we have previously shown that
astrocytes regulate ethanol-induced dopamine release in the nu-
cleus accumbens (Adermark et al., 2011c), and astrocytes may
thus theoretically contribute to nicotine-induced modulation of
striatal neurotransmission by affecting both glutamatergic and
dopaminergic signaling (Fig. 6H). However, it remains to be de-
termined whether functional nAChRs are expressed also on stri-
atal astrocytes.

Cholinergic interneurons may also express a combination of
�4�2- and �7-containing nAChR, and possibly even functional
�7�2 nAChRs (Azam et al., 2003). Considering that �7�2
nAChRs appear to have a slightly different pharmacological pro-
file (Wu et al., 2016; Nielsen et al., 2018), this might explain the
need for combined administration of mecamylamine and MLA
to block nicotine-induced LTD. A role for cholinergic interneu-
rons in regulating nicotine-induced LTD is supported by the
finding that scopolamine inhibited LTD and is in line with a
previous study showing that nicotine-induced amino acid release
in the striatum is blocked by atropine (Toth et al., 1993).
Nicotine-induced LTD could thus be linked to activation of �7�2
nAChRs on cholinergic interneurons, leading to increased
mAChR activation and reduced glutamate release (Fig. 6). It
should be noted, however, that even though nicotine may in-
crease cholinergic synaptic transmission (McGehee et al., 1995),
reduced cholinergic firing frequency has also been reported in
striatal slices after nicotine exposure (Storey et al., 2016). In ad-
dition, mAChRs may directly regulate dopamine transmission.
Elevated levels of acetylcholine disrupt normal dopamine D2 re-
ceptor functioning and can even reverse the polarity of these
receptors (Scarduzio et al., 2017). Scopolamine has in turn been
reported to modulate dopamine release (Miller and Blaha, 2004;
Volz et al., 2008) and may reduce the affinity of dopamine D2
receptors (Dewey et al., 1993; Tsukada et al., 2000). mAChRs may
thus act by disrupting nicotine-induced dopamine release.

The data presented here support a role for dopamine D2 re-
ceptor signaling in regulating nicotine-induced LTD, although
dopamine D1 receptor activation is not required. This finding is
partially in line with previous studies, showing that lower levels of
nicotine (1 �M) activate dopamine D2 receptor signaling,
whereas higher concentrations (100 �M) are required to activate
dopamine D1 receptor signaling (Hamada et al., 2004). Nicotine
could stimulate dopamine release through activation of nAChRs
on dopaminergic terminals, but also indirectly via activation of
cholinergic interneurons and astrocytes (Fig. 6H). Nicotine
could then depress striatal neurotransmission by indirectly acti-
vating dopamine D2 receptors on glutamatergic afferents. This
theory is also partially supported by the finding that the dopa-
mine D2 receptor agonist quinpirole suppressed sEPSC fre-
quency and occluded nicotine-induced LTD.

Outlining the role of sulpiride and quinpirole in regulating
nicotine-induced LTD is complicated by the fact that dopamine
D2-like receptors are expressed on the majority of striatal neu-
rons (Clarke and Adermark, 2015) and may also be expressed by
astrocytes (Jennings et al., 2017). Even though dopamine D2 re-
ceptor expressing MSNs may play a role in regulating nicotine-
induced LTD, current-clamp recordings do not support their
involvement. In addition, sEPSC amplitude was not depressed,
whereas sEPSC frequency was reduced in more or less all cells
tested. It is thus unlikely that there is a differential modulation by
nicotine that depends on MSN subtype.

It should be noted that acetylcholine, dopamine, and Oxo
have all been shown to reduce glutamate uptake and glutamater-
gic activity in striatal preparations (Mitchell and Doggett, 1980;
Rowlands and Roberts, 1980; Nieoullon et al., 1982; Kerkerian
and Nieoullon, 1983), and might thus act by simply occluding the
effect by nicotine. In addition, there is a potent crosstalk between
G-protein-coupled receptors and ligand-gated ion channels in
dopaminergic nerve terminals, where dopamine D2 receptors
have been shown to modulate the efficacy of nAChRs (Quarta et
al., 2007). More studies are thus required to fully depict the sig-
naling pathways that mediate nicotine-induced LTD. Last, it
should be noted that both dopaminergic terminals as well as
cholinergic interneurons have been reported to release glutamate
(Higley et al., 2011). It is thus possible that the decrease in excit-
atory inputs is not solely connected to corticostriatal synapses.

nAChRs may be localized both presynaptically and postsyn-
aptically, as well as extrasynaptically, allowing nicotine to modu-
late neurotransmission in a multifaceted manner (Grenhoff et al.,
1986; Marshall et al., 1997; Wonnacott, 1997; Gotti and Clem-
enti, 2004; Subramaniyan and Dani, 2015). Based on our phar-
macological studies, nicotine influences several neurotransmitter
systems, thereby modulating striatal microcircuits in a way that
leads to a long-lasting depression of striatal PS amplitude and
sEPSC frequency. Even though nicotine predominately may act
via nAChRs on dopaminergic terminals, there appear to be sev-
eral players involved. Putatively, nicotine-induced modulation of
both cholinergic interneurons and astrocytes may strengthen the
direct effect by nicotine on dopaminergic terminals, resulting in a
decreased striatal transmission via dopamine D2 receptor activa-
tion (Fig. 6H). However, the exact signaling pathways recruited
during nicotine exposure may be impossible to depict in striatal
brain slices where neurons are not uniformly oriented. It is also
possible that current knowledge regarding the expression of
nAChR subtypes on striatal cell populations will be refined. In-
dependently of mechanism of action, the data presented here
suggest that nicotine administration produces a long-lasting sup-
pression of the frequency of glutamatergic inputs onto MSNs and
depresses PS amplitude. These changes in neurotransmission
could play a role in behavioral sensitization to nicotine but might
also produce neuroadaptations that may be important for the
addictive properties of nicotine (Adermark et al., 2016; Morud et
al., 2018).
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chronic modulation of striatal endocannabinoid-mediated plasticity by
nicotine. Addict Biol. Advance online publication. Retrieved Jan. 2, 2018.
CrossRef Medline

Azam L, Winzer-Serhan U, Leslie FM (2003) Co-expression of alpha7 and
beta2 nicotinic acetylcholine receptor subunit mRNAs within rat brain
cholinergic neurons. Neuroscience 119:965–977. CrossRef Medline

Bamford NS, Zhang H, Joyce JA, Scarlis CA, Hanan W, Wu NP, André VM,
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