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Short- and Long-Lasting Consequences of In Vivo Nicotine
Treatment on Hippocampal Excitability
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The potential for relapse following cessation of drug use can last for years, implying the induction of stable changes in neural circuitry. In
hippocampal slices from rats treated with nicotine for 1 week, withdrawal from nicotine in vivo produces an increase in CA1 pyramidal
cell excitability that persists up to 9 months. Immediately upon drug cessation, the enhanced excitability depends on input from regions
upstream of CA1, while the long-term excitability change (� 4 weeks) is expressed as an increase in the intrinsic excitability of CA1
neurons. Re-exposure to nicotine in vitro restores hippocampal function to control levels via activation of high-affinity nicotinic acetyl-
choline receptors after 1 d of withdrawal, but not at times �4 weeks. Thus, nicotine in vivo first induces homeostatic adaptations followed
by other more robust neural changes. These mechanisms may contribute to hippocampal localized cue-motivated reinstatement of
drug-seeking and/or cognitive deficits observed during withdrawal.

Introduction
One of the most challenging aspects of drug addiction treatment
is the long-term susceptibility to relapse (Hyman et al., 2006). For
tobacco use, the intensity of craving predicts relapse in ex-
smokers (Killen and Fortmann, 1997; Etter and Hughes, 2006),
and, since it persists longer than other known nicotine with-
drawal symptoms, craving likely results in relapse to smoking
following prolonged periods of abstinence (Durcan et al., 2002).
The frequent pairing of smoking with everyday activities leads to
the presence of unavoidable smoking-related cues, and cue-
induced craving is correlated with increased activation of brain
regions involved in associative learning including the hippocam-
pus (Smolka et al., 2006; Franklin et al., 2007). Furthermore, the
hippocampus is activated in smokers’ brains when subjects are
exposed to smoking-related images (Due et al., 2002), and direct
stimulation of the hippocampus can reinstate drug-seeking be-
havior in animals previously trained to lever-press for addictive
substances (Vorel et al., 2001). These observations imply that
chronic exposure to drugs of abuse, such as nicotine, may induce
lasting changes in hippocampal function.

Nicotine addiction, viewed as a form of associative learning
(Kelley, 2004), may share many of the cellular and molecular
mechanisms that underlie associations formed during more rou-
tine learning tasks (Kauer and Malenka, 2007). In the hippocam-
pus, both acute in vitro and chronic in vivo nicotine treatments
alter the induction thresholds for various forms of synaptic plas-

ticity (Fujii et al., 1999; Ji et al., 2001; Welsby et al., 2006; Ya-
mazaki et al., 2006a,b). The lowered threshold for long-term
potentiation observed in the dentate gyrus after chronic in vivo
nicotine exposure can be attributed specifically to elevated expres-
sion of �4�2* nicotinic acetylcholine receptors (nAChRs) on per-
forant path inputs (Nashmi et al., 2007), thereby linking the well
established nicotine-induced nAChR upregulation (Marks et al.,
1983; Schwartz and Kellar, 1983) with more robust downstream
effects. While these nicotine-induced cellular alterations could con-
tribute to the learning deficits observed on immediate withdrawal
from nicotine (Davis et al., 2005), it is unlikely that they can be
reconciled with more persistent behavioral effects, especially given
that the changes in nAChR number and synaptic plasticity return to
baseline shortly after drug cessation (Marks et al., 1985; Collins et al.,
1988; Yamazaki et al., 2006b; Gao et al., 2010). To explain the lifelong
aspects of addiction, it has been proposed that drugs of abuse, in-
cluding nicotine, do not simply induce homeostatic adaptations that
would return to baseline soon after removal of drug, but change the
homeostatic reward set point, which then provides a continuous
addictive drive (Koob and Bloom, 1988; Koob and Le Moal, 2001,
2005; DiFranza and Wellman, 2005; Hyman et al., 2006). The phys-
iological substrate of these drug-induced allostatic states is currently
not defined.

Here we show that withdrawal of nicotine results in increased
excitability of principal neurons in the hippocampus. As predicted
by behavioral studies, the changes are initially homeostatic and are
reversed by re-exposure to nicotine in vitro, but, rather than revert-
ing to control levels after an extended period of withdrawal, they
become transformed into a more persistent and nonhomeostatic
form.

Materials and Methods
Animals and treatment
Animals were individually housed on a standard 12 h light/dark cycle and
given food and water ad libitum. All experiments were conducted in
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accordance with the National Institutes of Health Guide for the Care and
Use of Animals and were approved by the Institutional Animal Care and
Use Committee at the University of Alabama at Birmingham. Six-week-
old male Sprague Dawley rats (Harlan and Charles River Laboratories)
weighing 150 –225 g were implanted subcutaneously under isoflurane
anesthesia with an osmotic mini pump (2ML1, Alzet) that delivered 9
mg/kg/d nicotine hydrogen tartrate (3.15 mg/kg/d nicotine base) or sa-
line for 7 d, after which the pump was removed. This concentration of
nicotine has been previously shown to result in plasma levels of nicotine
in the rats similar to those found in human smokers (Murrin et al., 1987;
Benowitz, 1988; Epping-Jordan et al., 1998). Experiments were per-
formed at 1 d, 4 weeks (4 – 6 weeks), 3 months (3– 4 months), 6 months
(6 –7 months), or 9 months (9 –10 months) following osmotic pump
removal.

Slice preparation
Acute transverse hippocampal slices (400 �m) were prepared from
nicotine- or saline-treated rats at various time points after cessation of
treatment (see Animals and treatment). Rats were deeply anesthetized
with isoflurane and decapitated. The brain was rapidly removed from the
skull and submerged in icy cold sucrose solution consisting of the follow-
ing (in mM): 85 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 D-glucose,
75 sucrose, 4 MgSO4, and 0.5 CaCl2. The solution was bubbled with 95%
O2/5% CO2 before and during use. The hippocampi were dissected out,
and slices were made with a McIlwain tissue chopper. Slices were incu-
bated at 33°C in an interface holding chamber containing sucrose solu-
tion for 30 min and then transferred to an interface holding chamber
containing artificial CSF (ACSF) at room temperature for at least an
additional 30 min. The ACSF consisted of the following (in mM): 125
NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 10 D-glucose, 1.3 MgSO4,
and 2.5 CaCl2 and was continuously bubbled with 95% O2/5% CO2.

Electrophysiology
Slices were transferred to an interface recording chamber (Fine Science
Tools) perfused at 1.5 ml/min with oxygenated ACSF at 31�33°C 15 min
before recording. In some experiments, a scalpel blade was used to sever
connections between CA3 and dentate gyrus or remove the CA3 region
immediately before placing the slices in the recording chamber.

Field potential recordings. Field potential recordings were made with
glass pipettes filled with ACSF in stratum radiatum and stratum pyrami-
dale of CA1 using an Axoclamp 2B amplifier and pClamp 9.2 software
(Molecular Devices). Data were sampled at 4 kHz and filtered at 1 kHz.
The fiber volley and EPSP (fEPSP) were recorded from stratum radia-
tum, and the population spike (pSpike) was recorded from stratum
pyramidale following 0.05 Hz stimulation of the Schaffer collateral/
commissural pathway with a bipolar nickel-chromate wire electrode.
In a subset of experiments, stimulation of the alvear pathway was alter-
nated with Schaffer collateral/commissural stimulation and the anti-
dromic pSpike (aSpike) was recorded from stratum pyramidale. After a
20 min stable baseline was established using a subthreshold stimulus
intensity, a pseudorandom series of 15–30 different intensity stimuli was
used to collect input– output (I-O) data. For drug applications, the re-
sponse was allowed to restabilize for 10 –20 min following the initial I-O
data collection, and drugs were bath applied in ACSF for 60 min. Follow-
ing this, another set of I-O data was collected.

The amplitude of the fiber volley was measured as the difference be-
tween the early positivity and the negative peak of the initial small deflec-
tion. The fEPSP slope was measured as the fit of a straight line to the trace
in the 0.5 ms interval immediately following the fiber volley. The absolute
value of the fEPSP slope was reported. The pSpike amplitude was mea-
sured as the difference between the first positive peak and the negative
peak of the pSpike. The aSpike amplitude was measured as the difference
between the most positive point immediately after the stimulus artifact
and the negative peak of the aSpike.

Individual I-O and EPSP–spike (E-S) curves were fit with a Boltzmann
equation using Kaleidagraph (Synergy Software). Any slices with �2 mV
initial maximal pSpike amplitude in ACSF were excluded from analysis.

Intracellular recordings. Current-clamp recordings were made from
CA1 pyramidal cells using microelectrodes filled with 2 M KMeSO4 or 3 M

K-acetate (resistance 70 –130 M�, pH 7.2–7.4) using an Axoclamp 2B
amplifier in bridge mode and pClamp 9.2 software (Molecular Devices).
Recordings used for assessing action potential characteristics were sam-
pled at 25 kHz and filtered at 10 kHz; recordings of spontaneous activity
were sampled at 10 kHz and filtered at 3 kHz; all other data were sampled
at 4 kHz and filtered at 1 kHz. The bridge balance was carefully moni-
tored and adjusted before each measurement. Only cells with a stable
resting membrane potential (RMP) more negative than �55 mV, input
resistance (RN) �20 M�, and evoked spikes that overshot across a 0 mV
level were used. Once the neuron had stabilized for 10 min after the initial
impalement and met the cell health criteria, the membrane properties
were measured. Resting membrane potential values were measured in
the absence of any injected current and were corrected according to the
tip potential recorded extracellularly immediately after termination of
the intracellular recording. The cell input resistance was measured by
injecting hyperpolarizing current pulses (�0.5 nA, 400 ms) and calcu-
lated by dividing the steady-state voltage response by the current pulse
amplitude (RN � V/I ). The sag ratio was the ratio of the steady-state
voltage deflection to the peak voltage deflection during hyperpolarizing
current pulses (�0.5 nA, 400 ms).

The current–voltage (I–V) relationship was studied following injec-
tion of hyperpolarizing and subthreshold depolarizing current pulses
(500 ms duration). The steady-state voltage deflection with respect to the
resting membrane potential (�V ) was plotted against the amount of
current injected. Current–spike response curves were constructed from
data obtained using either 100 or 500 ms depolarizing current steps (0 to
1.0 nA in 0.1 nA increments). The postburst medium afterhyperpolar-
ization (mAHP) was studied using a 100 ms depolarizing current step
that reliably elicited a burst of four action potentials. The peak mAHP
amplitude was calculated as the maximum negative voltage deflection
from the baseline potential during the first 250 ms after the current offset.

Single action potential waveform characteristics and firing probabili-
ties were obtained from action potentials elicited by 10 trials of 10 ms
depolarizing current injections (0 to 1.9 nA in 0.1 nA increments). The
I0.5 indicates the current required to evoke a spike with a probability of
0.5 and was calculated by fitting individual firing probability curves with
a Boltzmann equation using Kaleidagraph (Synergy Software). Action
potential threshold was determined as the point where the first derivative
of the action potential was equal to 20 mV/ms. Spike height was defined
as the peak relative to the most negative voltage reached during the fast
AHP (fAHP) immediately after the spike. Spike half-width was measured
as the width at half-maximal spike amplitude. The fAHP was measured as
the potential attained at the end of the spike downstroke. In all cases, the
spikes were evoked from resting membrane potential.

Intracellular E-S data were collected by stimulating the Schaffer col-
lateral/commissural pathway at 0.05 Hz with a bipolar nickel-chromate
wire electrode. A pseudorandom series of 10 trials of 10 different inten-
sity stimuli was used to collect data both subthreshold and suprathresh-
old for firing. The EPSP slope was measured as the fit of a straight line to
the trace in the 1.0 ms interval where the trace starts sloping upward after
the stimulus artifact. The EPSP amplitude was measured as the difference
between the resting membrane potential measured immediately before
the stimulus artifact and the potential measured at peak of the EPSP. The
presence or absence of an action potential was visually determined.

The frequency of spontaneous events was determined using the event
detection analysis in Clampfit 9.2 (Molecular Devices). For individual
cells, representative spontaneous events were averaged and used as a
template for searching the traces.

Extracellular spontaneous multiunit recordings. Field potential record-
ings were made with glass pipettes filled with ACSF in stratum pyrami-
dale of CA3 and stratum granulosum of dentate gyrus using an Axoclamp
2B amplifier and pClamp 9.2 software (Molecular Devices). Data were
sampled at 10 kHz and bandpass filtered (0.5–3 kHz). Before recording
activity, a “noise” recording was made with the electrode placed in the
bath to determine the noise level. Spikes were detected by threshold set
above the recorded noise level and individually confirmed by inspection.
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Statistics
Statistical significance was determined for the spontaneous EPSP
(sEPSP) and spike frequencies, membrane properties, and action poten-
tial characteristics using a two-sample Student’s unpaired t test. Mean
extracellular I-O and E-S curves data were constructed by averaging data
at each stimulus intensity. Mean intracellular E-S curves were con-
structed by binning EPSP slope data in 0.5 mV/ms bins and determining
the firing probability within each bin. Mean current–spike response
curves and I–V curves were constructed by averaging data at each current
injection. Statistical significance was determined using regression analy-
sis of the curve fits in SPSS (SPSS). All data are expressed as mean � SEM,
with n indicating the number of slices or cells. p � 0.05 is considered
significant. Example traces of fEPSPs are averages of two to three sweeps.

Drug and solutions
All drugs were bath applied in ACSF at the concentrations indicated.
D-amino-5-phosphonovaleric acid (D-APV), 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) disodium salt, dihydro-�-erythroidine (DH�E), and te-
trodotoxin (TTX) were obtained from Tocris Bioscience. All other drugs and
chemicals were obtained from Sigma-Aldrich.

Results
Chronic nicotine treatment persistently increases the
excitability of CA1 pyramidal cells
To study neuroadaptations following chronic in vivo nicotine
treatment, young adult rats were treated with 9 mg/kg/d nicotine
hydrogen tartrate (equivalent to 3.15 mg/kg/d nicotine base) or
saline for 1 week, and acute hippocampal slices were prepared 1 d
to 9 months after drug cessation (see Materials and Methods).
This dose of nicotine has been previously shown to result in
plasma levels of nicotine in the rats similar to those found in
human smokers (Murrin et al., 1987; Benowitz, 1988). Impor-
tantly, both somatic and affective withdrawal symptoms can be
induced in rats following cessation of similar nicotine treatments
(Epping-Jordan et al., 1998) (for review, see Markou, 2008). It is
noted that in the current study a single continuous exposure to
nicotine was used, and a more intermittent nicotine administra-
tion protocol may result in somewhat different levels of nicotine
and therefore different effects (Matta et al., 2007).

Although direct modification of synaptic efficacy is the most
commonly studied form of associative plasticity, it is not the only
type of long-lasting change observed in the hippocampus. The
propensity of a given synaptic potential to trigger action poten-
tial firing—so-called E-S coupling— can also be altered in an
activity-dependent manner (Bliss and Lomo, 1973). As activity
within the brain is dependent on both the synaptic input and the
spiking output of neurons, changes in the excitability of neurons
may also be an important adaptation involved in addiction. E-S
coupling was assessed at the single-cell level using intracellular
current-clamp recordings of CA1 pyramidal cells following stim-
ulation of the Schaffer collateral/commissural pathway.

For a given EPSP slope measured intracellularly, there was an
increase in firing probability in cells from nicotine-treated ani-
mals (nic-cells) compared with cells from saline-treated animals
(sal-cells) following both 1 d (Fig. 1B) ( p � 0.05) and long-term
(Fig. 1A,C) ( p � 0.05) withdrawal. We also assessed excitability
in the absence of experimenter-evoked synaptic input using cur-
rent injections to determine firing probability. The I0.5 (injected
current required for a firing probability of 0.5) was reduced in
nic-cells compared with sal-cells at both 1 d (nic-cells: 0.68 �
0.10 nA, n � 13; sal-cells: 1.21 � 0.11 nA, n � 15; p � 0.05) and
long-term (nic-cells: 0.48 � 0.06 nA, n � 14; sal-cells: 0.92 � 0.07
nA, n � 13; p � 0.05) withdrawal.

The increased excitability of individual cells was reflected in
the CA1 population, assessed by comparing the fEPSP recorded

in the CA1 dendritic layer (stratum radiatum) to the pSpike—a
measure of the number of synchronously firing cells (Andersen et
al., 1971)—recorded in the somatic layer (stratum pyramidale).
We found that in slices from nicotine-treated animals (nic-
slices), the same size fEPSP slope yielded a larger pSpike com-
pared with that in slices from saline-treated animals (sal-slices)
(Fig. 1D). Thus, following 1 d withdrawal from nicotine there
was a leftward shift in the E-S curve (Fig. 1E) ( p � 0.05). This
enhanced excitability persisted for up to at least 9 months after
drug cessation, shown here as a larger maximal pSpike in nic-
slices (Fig. 1 F) with no difference in maximal fEPSP slope
(supplemental Fig. S1, available at www.jneurosci.org as sup-
plemental material). To assess excitability independent of
experimenter-evoked synaptic input at the population level, ex-
tracellularly measured aSpikes were evoked by CA1 pyramidal
cell axon stimulation in the alveus (Fig. 1G). Following 1 d of
withdrawal, aSpikes were enhanced in nic-slices compared with
sal-slices (Fig. 1G, top, H) ( p � 0.05). Similar to E-S potentia-
tion, nicotine-induced augmentation of the aSpike persisted in
nic-slices from animals withdrawn for up to 9 months (Fig. 1G,
bottom, I) ( p � 0.05). Together, these data establish that there is
a long-lasting increase in the excitability of CA1 pyramidal cells in
animals previously treated with nicotine.

Increased spontaneous excitatory synaptic transmission
drives the enhanced excitability of CA1 pyramidal cells
immediately following drug cessation
Following 1 d of withdrawal, nic-cells have a significantly depo-
larized resting membrane potential compared with sal-cells (Fig.
2A). There was a trend toward an increase in the input resistance
of the nic-cells compared with sal-cells (supplemental Table S1,
available at www.jneurosci.org as supplemental material). How-
ever, this is not surprising given that in CA1 pyramidal cells the
input resistance is not a purely passive property and varies with
the resting membrane potential (Spruston and Johnston, 1992).
Indeed, in a subset of nic-cells artificially hyperpolarized by �5
mV to a level similar to that of sal-cells (RMP: �64.8 � 3.3 mV;
hyperpolarized cells: �69.3 � 3.5 mV; n � 4; p � 0.05) the RN

was significantly reduced (RMP RN � 35.3 � 4.2 M�; hyperpo-
larized potentials RN � 32.0 � 4.6 M�; n � 4; p � 0.05). As no
other measured properties of these cells differ (supplemental Ta-
ble S1, available at www.jneurosci.org as supplemental material),
the depolarized resting membrane potential results in nic-cells
being closer to action potential threshold; therefore, less current
is required to induce action potential firing (Fig. 2B,C) ( p �
0.05). Following long-term potentiation induction, changes in
E-S coupling have been found to be partly due to changes in the
balance of excitation and inhibition (Staff and Spruston, 2003;
Marder and Buonomano, 2004). Since the increased excitability
is expressed in the absence of experimenter evoked synaptic in-
put (Fig. 1G), if altered synaptic transmission underlies the
withdrawal-induced depolarized membrane potential, it must be
spontaneous in nature. Intracellular recordings of spontaneous
activity indicate that the frequency, but not the amplitude, of
sEPSPs is increased in nic-cells compared with sal-cells (Fig. 2D–
F), while the frequency (nic-cells: 0.15 � 0.02 Hz; sal-cells:
0.11 � 0.01 Hz; p � 0.05) and amplitude (nic-cells: �1.16 � 0.10
pA; sal-cells: �1.08 � 0.08 pA; p � 0.05) of spontaneous IPSPs
remain unchanged. It is possible that the increase in sEPSP
frequency may not fully account for the entire depolarization
and that additional mechanisms, such as depolarized-activated
voltage-dependent channels (e.g., sodium or calcium channels)
or the activation of extrasynaptic receptors, may contribute to the
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translation of increased CA3 activity into a depolarization of CA1
pyramidal cells.

If the depolarized resting membrane potential and enhanced
excitability in nic-cells are due to the increase in sEPSPs, then we
would expect the effects to be reversed by blockers of excitatory
synaptic transmission. Accordingly, antagonism of glutamate re-
ceptors with CNQX (10 �M) and D-APV (50 �M) resulted in
hyperpolarization of nic-cells (ACSF: �62.6 � 1.7 mV; CNQX 	
D-APV: �67.8 � 2.9 mV; n � 5; p � 0.05) with no effect on the
resting membrane potential of sal-cells (ACSF: �71.2 � 1.4 mV;
CNQX 	 D-APV: �71.0 � 1.1 mV, n � 5; p � 0.05) (Fig. 2G).
Application of CNQX and D-APV also resulted in a decrease in
the input resistance of the nic-cells (ACSF: RN � 39.2 � 4.4 M�;
CNQX 	 D-APV: RN � 33.8 � 4.2 M�; n � 5; p � 0.05) with no

effect on the input resistance of the sal-cells
(ACSF: RN � 31.0 � 2.2 M�; CNQX 	
D-APV: RN � 31.4 � 2.4 M�; n � 5; p �
0.05), consistent with the current injected
hyperpolarization data reported above.
While it might be expected that blockade
of sEPSPs would increase the input resis-
tance of the nic-cells alone, given the
hyperpolarization observed following
perfusion with CNQX and D-APV and the
dependence of the input resistance on the
resting membrane potential in these cells
(Spruston and Johnston, 1992), a decrease
in input resistance is not unexpected. The
differential effects of the drugs on nic-cells
and sal-cells were not due to a difference
in the efficacy of receptor blockade in cells
from the different treatment groups, as
inhibition of the extracellular fEPSPs re-
corded during drug application was simi-
lar between the two groups (Fig. 2H). As
expected, in the presence of CNQX and
D-APV, the increased firing probability
observed in nic-cells was also restored to
control levels (Fig. 2 I), indicating that the
enhanced excitability of the nic-cells was
likely due to an increased background re-
lease of glutamate. We next measured
spontaneous activity in the presence of
TTX (1 �M) to determine whether the el-
evated glutamatergic transmission was ac-
tion potential dependent. The frequency
of synaptic events remaining in TTX was
not different between nic-cells and sal-
cells (supplemental Fig. S2A,B, available
at www.jneurosci.org as supplemental
material), and application of TTX also hy-
perpolarized nic-cells (ACSF: �65.3 �
1.0 mV; TTX: �68.8 � 1.4 mV; n � 4; p �
0.05) (supplemental Fig. S2C, available at
www.jneurosci.org as supplemental ma-
terial) and decreased the input resistance
of nic-cells (ACSF: RN � 33.8 � 3.2 M�;
TTX: RN � 30.3 � 3.3 M�; n � 4; p �
0.05). Importantly, the I–V curves of 1 d
withdrawn cells were not significantly dif-
ferent in the presence of CNQX 	 D-APV
or TTX (supplemental Fig. S3A,B, avail-
able at www.jneurosci.org as supplemen-

tal material), providing additional evidence that the enhanced
excitability of the CA1 pyramidal cells immediately after nicotine
treatment is due to a change in synaptic inputs and not intrinsic
excitability. These results imply that the depolarized resting
membrane potential and the resulting enhanced cellular excit-
ability rely on action potential-dependent spontaneous activity
that may arise as a result of changes upstream of CA1.

An increase in the firing rate of CA3 pyramidal cells has been
shown to boost subthreshold evoked synaptic inputs to CA1 py-
ramidal cells (Stacey and Durand, 2001), possibly via an aug-
mented transfer of current from synapse to soma (Hô and
Destexhe, 2000) and/or dendritic spiking (Kamondi et al., 1998),
which culminates in an increase in the probability of action po-
tential firing (Destexhe et al., 2001). If an increase in the firing of

Figure 1. Chronic nicotine induces persistent changes in EPSP–Spike coupling. A, Examples of orthodromically evoked EPSPs
and action potentials recorded intracellularly from CA1 pyramidal cells in current-clamp with matching EPSP slopes recorded from
slices from 4 week withdrawn animals. The nic-cell (blue) has a firing probability of 0.5, while the sal-cell (red) is subthreshold for
action potential firing. Stimulus artifact has been removed for clarity, and a black triangle represents time of stimulus. B, C, Mean
intracellular E-S curves from 1 d withdrawn (B) (sal-cells, n � 7; nic-cells, n � 5) and long-term (4-week 	 3-month) withdrawn
(C) (sal-cells, n � 4; nic-cells, n � 7) animals. D, Examples of orthodromically evoked suprathreshold fEPSPs recorded in stratum
radiatum (top traces) and pSpikes recorded in stratum pyramidale (bottom traces) from 1 d withdrawn animals (sal-slice: red;
nic-slice: blue). For a given fEPSP slope, nic-slices have an increased pSpike amplitude. Stimulus artifacts have been removed for
clarity, and black triangles represent time of stimulus. E, Mean extracellular E-S curves from 1 d withdrawn animals (sal-slices, n �
37; nic-slices, n �36). F, Histogram showing the maximal pSpike amplitude for different periods of withdrawal: 4 week (sal-slices,
n � 12; nic-slices, n � 20); 3 month (sal-slices, n � 17; nic-slices, n � 22); 6 month (sal-slices, n � 6; nic-slices, n � 10); and 9
month (sal-slices, n � 4; nic-slices, n � 5). G, Examples of aSpikes recorded in stratum pyramidale from 1 d (top) and 9 month
(bottom) withdrawn animals (sal-slices: red; nic-slices: blue). Stimulus artifacts have been removed for clarity and black triangles
represent time of stimulus. H, I, Mean aSpike I-O curves from 1 d withdrawn (H ) (sal-slices, n�20; nic-slices, n�18) and 9 month
withdrawn (I ) (sal-slices, n � 4; nic-slices, n � 5) animals. Data are presented as the mean � SEM. S. Rad., Stratum radiatum; S.
Pyr., stratum pyramidale. *p � 0.05.
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CA3 pyramidal neurons is causing the en-
hanced CA1 excitability, then nic-slices
lacking input from these neurons should
behave like sal-slices. In confirmation of
this suggestion, E-S curves constructed at
1 d of withdrawal in slices with the CA3
region completely removed were no lon-
ger significantly different between
nicotine- and saline-exposed animals
(Fig. 3A) ( p � 0.05).

While the dentate gyrus does not di-
rectly innervate the CA1 region, it has
been shown that a trisynaptically activated
response can be measured in CA1 follow-
ing stimulation of the perforant path fi-
bers in an acute hippocampal slice (Sirvio
et al., 1996). Activation requires sequen-
tial excitatory connections from dentate
granule cells to CA3 pyramidal neurons
and then from CA3 to CA1 pyramidal
cells, indicating that there is sufficient
functional connectivity present in an
acute transverse hippocampal slice for ac-
tivity within dentate gyrus to influence re-
sponses recorded in CA1. After 1 d of
withdrawal, in slices with inputs from
dentate gyrus severed, similar to CA3
removal, the E-S curves in nic-slices and
sal-slices were no longer significantly dif-
ferent (Fig. 3B) ( p � 0.05). In addition,
removing input from dentate gyrus elim-
inated the aSpike potentiation measured
in nic-slices (Fig. 3C,D) ( p � 0.05), im-
plying that all the changes in CA1 are
driven by changes in spontaneous slice ac-
tivity that originates in the dentate gyrus.

To directly measure the spontaneous
firing activity within CA3, we recorded
multiunit activity extracellularly in CA3
stratum pyramidale. As predicted by the
above data, the frequency of spikes re-
corded in CA3 was significantly enhanced
in nic-slices compared with sal-slices (Fig.
4A, top, B). Moreover, the increased CA3
activity was not present in slices with in-
puts from dentate gyrus severed (Fig. 4A,
bottom, B). It is possible that the reliabil-
ity of extracellular stimulation to initiate action potentials in the
Schaffer collateral fibers is reduced during such elevated periods
of CA3 activity (Soleng et al., 2003). In this regard, we observed a
decrease in the amplitude of the fiber volley, a measure of the
number of activated axons (Andersen et al., 1978), in nic-slices
(Fig. 4C,D) ( p � 0.05) and a consequent decrease in the initial
slope of the stratum radiatum fEPSP (Fig. 4C,E) ( p � 0.05).
Consistent with these latter changes also being caused by the
increase in spontaneous firing of the CA3 pyramidal neurons,
they were eliminated in slices with no input from regions up-
stream of CA1 (Fig. 4F–H) ( p � 0.05). Thus, while there is a
decrease in the evoked population synaptic response, this is not a
true change in synaptic efficacy (i.e., long-term depression). In
sum, we show that the enhanced excitability of CA1 neurons
immediately after withdrawal from nicotine is due to altered sig-
naling originating in the dentate gyrus that permeates as in-

creased excitation throughout the entire hippocampal circuit.
Additional support for this idea comes from data indicating that
spontaneous firing activity recorded from stratum granulosum
in the dentate gyrus exhibit a trend toward an increased fre-
quency of spikes recorded from nic-slices compared with sal-
slices in both intact slices and slices with dentate gyrus isolated
from the rest of the trisynaptic pathway (supplemental Fig. S4,
available at www.jneurosci.org as supplemental material).

Increased intrinsic excitability of CA1 pyramidal cells
following long-term withdrawal
Similar to changes after 1 d of withdrawal, the changes in CA1
following long-term withdrawal (4 weeks to 9 months) are man-
ifest as an increase in both E-S coupling and firing probability,
again consistent with an increase in pyramidal cell excitability
(Fig. 1). Unlike the results at 1 d of withdrawal, following long-

Figure 2. Enhanced excitability at 1 d withdrawal is dependent on an increase in glutamatergic synaptic transmission. A, Mean
and individual resting membrane potentials of CA1 pyramidal cells from 1 d withdrawn animals (sal-cells, n � 22; nic-cells, n �
25). B, Examples of subthreshold depolarizations and action potentials evoked by depolarizing current pulses (0.1 nA steps, 100
ms) up to threshold from CA1 pyramidal cells from a 1 d withdrawn saline-treated animal (red, 0.4 nA at threshold) and a 1 d
withdrawn nicotine-treated animal (blue, 0.2 nA at threshold). Capacitance artifacts have been removed for clarity. C, Mean
current–spike response curves for 100 ms depolarizing current pulses (sal-cells, n � 21; nic-cells, n � 24). D, Top, Examples of
spontaneous EPSPs recorded in current-clamp from CA1 pyramidal cells from 1 d withdrawn animals. Bottom, Example sEPSPs
(average of 5 events) presented on an expanded scale (sal-cell, red; nic-cell, blue). E, F, Mean spontaneous EPSP frequency (E) and
amplitude (F ) in CA1 pyramidal cells from 1 d withdrawn animals (sal-cells, n�14; nic-cells, n�14). G, Time course of the resting
membrane potential during CNQX 	 D-APV wash-in (sal-cells, n � 5; nic-cells, n � 5). Error bars are only shown once per minute
for clarity. H, Time course of the normalized fEPSP slope during CNQX 	 D-APV wash-in (sal-slices, n � 5; nic-slices, n � 4). Inset,
Example fEPSPs in the presence of ACSF and after 30 min wash-in of CNQX 	 D-APV. Stimulus artifacts have been removed for
clarity, and black triangles represent time of stimulus. I, Mean current required for a firing probability of 0.5 (I0.5) for CA1 pyramidal
cells in ACSF (sal-cells, n � 15; nic-cells, n � 13) and CNQX 	 D-APV (sal-cells, n � 5; nic-cells, n � 4). Data are presented as
mean � SEM. *p � 0.05.
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term withdrawal nic-cells are not depolarized (nic-cells: �67.3 �
0.9 mV, n � 17; sal-cells: �66.1 � 1.2 mV, n � 14; p � 0.05),
indicating that while the overall effect may be the same, the pre-
cise mechanism underlying the enhanced excitability of CA1 py-
ramidal neurons is likely different. Both theoretical models and
experimental plasticity data show that changes in voltage-
dependent ion channels may account for E-S potentiation
(Taube and Schwartzkroin, 1988; Wathey et al., 1992). Moreover,
lasting alterations in the function of ion channels that control
membrane excitability occur in prefrontal cortex after repeated
cocaine administration (Nasif et al., 2005b), and cortical voltage-
dependent Ca 2	 channel function is enhanced after nicotine ex-
posure (Katsura et al., 2002). Such changes in voltage-dependent
ion channel function can amplify subthreshold EPSPs, as assessed
by comparing the EPSP slope to the EPSP amplitude (Campanac
and Debanne, 2008). Consistent with this idea, we find an in-
creased amplitude/slope ratio of EPSPs recorded from nic-cells
compared with sal-cells (nic-cells: 4.24 � 0.21, n � 7; sal-cells:
3.28 � 0.35, n � 4; p � 0.05), indicating possible voltage-
dependent boosting. In support of a change in the intrinsic excit-
ability of CA1 pyramidal cells at these later time points, we find
that surgical removal of CA3 does not abolish the difference in
excitability between the two treatment groups as illustrated by the
continued presence of E-S potentiation (supplemental Fig. S5A,
top, B, available at www.jneurosci.org as supplemental material)

(p � 0.05) and aSpike potentiation (supplemental Fig. S5A, bot-
tom, C, available at www.jneurosci.org as supplemental material)
( p � 0.05) in nic-slices. Furthermore, during perfusion with
blockers of synaptic transmission (10 �M CNQX; 50 �M D-APV;
10 �M bicuculline), nic-cells fired more spikes for a given current
injection than sal-cells (Fig. 5A), and this resulted in a current–
spike response curve that was shifted upward (Fig. 5C, solid sym-
bols) ( p � 0.05). Moreover, there was a significant increase in the
input resistance of nic-cells compared with sal-cells (supplemen-
tal Table S2, available at www.jneurosci.org as supplemental ma-
terial), and the I–V curves were significantly different between
the two groups (Fig. 5D,E) ( p � 0.05).

Prior research has shown an increase in the input resistance of
prefrontal cortical neurons following cocaine administration that
was due to a decrease in Ba 2	-sensitive potassium currents (Nasif
et al., 2005a). The disparate I–V curves are consistent with the
suggestion that a decrease in potassium currents may underlie the
increased excitability in the nic-cells. Under the same experimen-
tal conditions as cited above (i.e., 10 �M CNQX; 50 �M D-APV; 10
�M bicuculline) to examine intrinsic excitability, application of
BaCl2 (200 �M), a relatively nonspecific potassium channel
blocker, normalized the number of spikes in response to a given
input between nic-cells and sal-cells (Fig. 5B,C, open symbols)
( p � 0.05). In addition, while the resting membrane potentials of
nic-cells (�58.0 � 1.9 mV, n � 5) and sal-cells (�60.0 � 2.8 mV,
n � 4) were depolarized to a similar extent in the presence of
BaCl2, there was a greater effect on sal-cells with respect to input
resistance such that in the presence of BaCl2 both groups had
similar voltage response families (Fig. 5F) and I–V curves (Fig.
5G). These results imply that, following long-term withdrawal
from nicotine, the enhanced excitability of CA1 pyramidal neu-
rons may be mediated by a reduction in a Ba 2	-sensitive potas-
sium current.

Reversal of enhanced excitability by nicotine in vitro
The initial changes following drugs of abuse are often the result of
homeostatic adaptations to the presence of the drug (Koob and
Bloom, 1988). If the neuroadaptations revealed after withdrawal
from nicotine are the result of a homeostatic mechanism, then
re-exposure of the slices to nicotine should return function to
control levels (Pu et al., 2002). To test this, 500 nM nicotine, a
concentration that given our treatment paradigm should approx-
imate that found in vivo (Henningfield et al., 1993), was bath
applied for 1 h. Based on the changes in CA1 physiology after 1 d
of withdrawal, treatment with nicotine in vitro should have the
following two prominent effects: (1) increase the fEPSP slope
measured in stratum radiatum; and (2) shift the E-S curve to the
right. These effects were fully realized. First, in nic-slices, but not
sal-slices, the fEPSP slope was enhanced during application of
nicotine (Fig. 6A), making it no longer depressed compared with
sal-slices (Fig. 6B) ( p � 0.05). Second, E-S curves from the two
treatment groups were no longer significantly different in the
presence of 500 nM nicotine (Fig. 6C,D) ( p � 0.05). These find-
ings imply that the changes in hippocampal function upon im-
mediate withdrawal from nicotine arise as a direct homeostatic
adaptation to the presence of nicotine in vivo.

Nicotine-seeking behavior in rodents is dependent on
nicotine-induced activation of high-affinity �4�2* nAChRs (Pic-
ciotto et al., 1998; Tapper et al., 2004; Pons et al., 2008). Based on
our observations that acute nicotine has little or no effect on
excitatory synaptic transmission in hippocampal slices from
saline-treated animals, it is plausible that the in vitro homeostatic
effects are the result of nicotine interacting with nAChRs upregu-

Figure 3. Enhanced excitability in CA1 requires upstream connections with dentate gyrus at
early withdrawal. A, Top, Diagram of no CA3 slice. The scalpel cut is indicated. Bottom, Mean
extracellular E-S curves from 1 d withdrawn no CA3 slices (sal-slices, n � 8; nic-slices, n � 7).
B, Top, Diagram of no DG slice. The scalpel cut is indicated. Bottom, Mean extracellular E-S
curves from 1 d withdrawn no DG slices (sal-slices, n � 7; nic-slices, n � 8). C, Examples of
aSpikes from intact (top) and no DG (bottom) slices from 1 d withdrawn animals (sal-slice, red;
nic-slice, blue). Stimulus intensity: 40 �A. Stimulus artifacts have been removed for clarity, and
black triangles represent time of stimulus. D, Mean I-O curves for aSpikes from no DG slices
(sal-slices, n �6; nic-slices, n �6). Data are presented as mean�SEM. No CA3, Slices with the
CA3 region removed; no DG, slices with connections severed between CA3 and dentate gyrus.
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lated by the in vivo nicotine exposure
(Marks et al., 1983; Schwartz and Kellar,
1983). Although receptor desensitization
will predominate at the low concentration
of nicotine (500 nM) used here, some ac-
tivation of these receptors would also be
expected (Fenster et al., 1997). If the res-
toration of normal function seen follow-
ing re-exposure to nicotine is due to
nicotine re-desensitizing these receptors,
then we might expect an antagonist to
have the same restorative effect as nico-
tine. However, following application of
500 nM DH�E, a concentration that is rel-
atively selective for the �4�2* nAChR
(Alkondon and Albuquerque, 1993),
there was still a significant difference be-
tween the E-S curves from sal-slices and
nic-slices (Fig. 6E) ( p � 0.05). Further-
more, when nicotine was introduced in
the presence of DH�E, the previously ob-
served homeostatic action of nicotine was
no longer present (Fig. 6F) ( p � 0.05).
These data imply a critical role of �4�2*
nAChR activation (rather than desensiti-
zation) for the restorative effects of
nicotine.

Chronic nicotine treatment has been
shown to upregulate �4�2* nAChRs spe-
cifically in the dentate gyrus of adult ani-
mals (Nguyen et al., 2003; Nashmi et al.,
2007). Consistent with the enhanced ex-
citability being a homeostatic response to
nicotine interacting with nAChRs in this
area in vivo, we found that the observed
changes in CA1 physiology immediately
following chronic nicotine treatment are
dependent on the dentate gyrus (Figs. 3,
4). As would then be expected, adminis-
tration of 500 nM nicotine in vitro no lon-
ger had any effects on the activity within
the CA1 region in nic-slices deprived of
upstream input (supplemental Fig. S6,
available at www.jneurosci.org as supple-
mental material) ( p � 0.05), consistent
with the suggestion that the initial ho-
meostatic changes arise as a direct result of
changes in the function of nAChRs specif-
ically in the dentate gyrus of nicotine-treated animals.

After longer drug-free periods (�4 weeks) and in contrast to
the results observed at 1 d of withdrawal, re-exposure to nicotine
was unable to reduce the E-S potentiation observed in nic-slices
back to control levels (Fig. 7) ( p � 0.05). The inability of in vitro
nicotine to restore normal levels of excitability at longer times of
drug withdrawal is consistent with both the idea that these
changes are no longer homeostatic and the previously reported
observation that the once upregulated high-affinity nAChRs have
returned to baseline levels during the first 2 weeks of drug cessa-
tion (Marks et al., 1985; Collins et al., 1988).

Discussion
Following withdrawal from chronic nicotine in vivo, there is a
persistent change in the excitability of CA1 pyramidal neurons,

such that for a given synaptic input there is an increased action
potential output. Although this form of neuronal plasticity is
observed at all times (up to 9 months) after removal of drug, it
has two distinct mechanistic phases. An initial homeostatic
adaptation to the presence of nicotine, involving nAChRs lo-
cated upstream of CA1, is followed by a second and more
permanent phase that results in a relocalization of the plastic-
ity to the CA1 region, and is associated with an altered pyra-
midal cell K 	 conductance. These changes represent novel
physiological adaptations to the presence of chronic nicotine and
its withdrawal, and therefore may provide neural circuit explana-
tions for certain aspects of nicotine dependence and withdrawal-
induced behavioral deficits.

Most molecular and cellular theories of nicotine addiction
begin with the well established upregulation of high-affinity

Figure 4. CA3 pyramidal cells have increased spontaneous firing dependent on inputs from dentate gyrus at early withdrawal.
A, Examples of spontaneous extracellular spikes recorded in CA3 stratum pyramidale in intact (top) and no DG (bottom) slices from
1 d withdrawn animals (sal-slice, red; nic-slice, blue). Insets are examples of spikes, indicated by asterisks presented on an
expanded scale. B, Mean frequencies of spontaneously occurring spikes recorded from CA3 stratum pyramidale in both intact
(sal-slices, n � 11; nic-slices, n � 16) and no DG (sal-slices, n � 11; nic-slices, n � 11) slices from 1 d withdrawn animals. C,
Examples of orthodromically evoked fEPSPs recorded in CA1 stratum radiatum from intact slices from 1 d withdrawn animals
(sal-slices: red; nic-slices: blue). Fiber volleys are indicated by asterisks. Stimulus artifacts have been removed for clarity, and black
triangles represent time of stimulus. D, E, Mean fiber volley amplitude (D) and fEPSP slope (E) I-O curves for intact slices from 1 d
withdrawn animals (sal-slices, n � 37; nic-slices, n � 36). F, Examples of orthodromically evoked fEPSPs recorded in CA1 stratum
radiatum from no DG slices from 1 d withdrawn animals (sal-slices: red; nic-slices: blue). Fiber volleys are indicated by asterisks.
Stimulus artifacts have been removed for clarity, and black triangles represent time of stimulus. G, H, Mean fiber volley amplitude
(G) and fEPSP slope (H ) I-O curves for no DG 	 no CA3 slices from 1 d withdrawn animals (sal-slices, n � 15; nic-slices, n � 15).
Data are presented as mean � SEM. *p � 0.05. No DG, Slices with connections severed between CA3 and dentate gyrus; no CA3,
slices with the CA3 region removed.
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�4�2* nAChRs (Marks et al., 1983; Schwartz and Kellar, 1983).
More recent neurophysiological assessments of how nicotine in-
terferes with the synaptic control of midbrain dopaminergic
cells have extended these theories beyond the level of nAChRs.
In particular, the concomitant downregulation of GABAergic
synapses and strengthening of glutamatergic synapses onto ven-
tral tegmental area (VTA) neurons by the prolonged application

of nicotine in vitro provides a cellular
model for nicotine-induced sensitization
of VTA output (Mansvelder and McGe-
hee, 2002; Vezina et al., 2007). By incor-
porating the reported upregulation of
�4�2* nAChRs on VTA GABA interneu-
rons into this scheme, these findings pro-
vide a model explaining how withdrawal
from nicotine could lead to a “craving
state” by increasing local inhibition and
depressing dopamine output (Nashmi et
al., 2007). While such models start to in-
tegrate the cellular and behavioral aspects
of nicotine addiction, additional mecha-
nisms will be required to account for the
more persistent nature of relapse to this
drug, especially given the transient in-
creases in both nAChR number (Marks et
al., 1985; Collins et al., 1988) and synaptic
strength (Yamazaki et al., 2006b; Gao et
al., 2010). Our current data show that
continuous exposure to nicotine in vivo
can produce long-lasting changes in
neuronal excitability in an area of brain
known to be important for drug con-
text—the hippocampus (Kelley, 2004).

Immediately after withdrawal from
nicotine, we describe a novel increase in
CA1 pyramidal cell excitability that in-
volves �4�2* nAChRs within the dentate
gyrus. We conclude that these effects must
depend on a gain of function within the
dentate gyrus, as severing connections be-
tween dentate gyrus and CA3 abolishes,
rather than mimics, the increased excit-
ability of both the CA3 and CA1 regions in
nicotine-treated slices. Dentate granule
cells provide the only known output to
CA3 from the dentate gyrus and form
more synapses onto inhibitory interneu-
rons within CA3 than onto pyramidal
cells (Acsády et al., 1998). Due to a differ-
ence in the short-term plasticity of mossy
fiber synapses onto CA3 pyramidal cells
and interneurons (Jonas et al., 1993; Salin
et al., 1996; Toth et al., 2000; Lawrence et
al., 2004), the output of the dentate gyrus
depends on the firing frequency of gran-
ule cells, switching from inhibitory to ex-
citatory with increasing frequency (Henze
et al., 2002). It follows that an increase in
the burst firing behavior of granule cells
could account for the increased excitabil-
ity of CA3 pyramidal cells after chronic
nicotine, and, given the interconnectivity
of CA3 pyramidal cells (Chamberlin et al.,

1990), a small change in the synaptic excitation of these cells may
be sufficient to result in a large change in their excitability.

The observation that activation of �4�2* nAChRs is sufficient
for nicotine-seeking behavior in rodents (Tapper et al., 2004)
implies that these receptors may be persistently stimulated by
nicotine in vivo, despite high receptor occupation and the pre-

Figure 5. Enhanced excitability is due to a change in the intrinsic excitability of the CA1 pyramidal cells at late withdrawal. A,
Example action potentials evoked by depolarizing current pulses (0.6 nA, 500 ms) in CA1 pyramidal cells from a long-term
withdrawn saline-treated animal (red) and a long-term withdrawn nicotine-treated animal (blue). Experiments were conducted
in the presence of blockers. Capacitance artifacts have been removed for clarity. B, Example action potentials evoked by depolar-
izing current pulses (0.6 nA, 500 ms) in CA1 pyramidal cells from a long-term withdrawn saline-treated animal (red) and a
long-term withdrawn nicotine-treated animal (blue). Experiments were conducted in the presence of blockers 	 200 �M BaCl2.
Capacitance artifacts have been removed for clarity. C, Mean current–spike response curves for 500 ms depolarizing current pulses
in CA1 pyramidal cells from long-term withdrawn animals in the presence of blockers (closed symbols; sal-cells, n � 14; nic-cells,
n � 14) and blockers 	 200 �M BaCl2 (open symbols; sal-cells, n � 4; nic-cells, n � 5). D, Example traces of the membrane
potential response of CA1 pyramidal cells from a long-term withdrawn saline-treated animal (red) and a long-term withdrawn
nicotine-treated animal (blue) to current steps (�1.5 to 0.1 nA, 500 ms). Experiments were conducted in the presence of blockers.
Capacitance artifacts have been removed for clarity. E, Mean I–V curves for 500 ms hyperpolarizing and subthreshold depolarizing
pulses in CA1 pyramidal cells from long-term withdrawn animals in the presence of blockers (sal-cells, n � 14; nic-cells, n � 14).
F, Example traces of the membrane potential response of CA1 pyramidal cells from a long-term withdrawn saline-treated animal
(red) and a long-term withdrawn nicotine-treated animal (blue) to current steps (�1.0 to 0.2 nA, 500 ms). Experiments were
conducted in the presence of blockers 	 200 �M BaCl2. Capacitance artifacts have been removed, and action potentials have been
truncated for clarity. G, Mean I–V curves for 500 ms hyperpolarizing pulses in CA1 pyramidal cells from long-term withdrawn
animals in the presence of blockers 	 200 �M BaCl2 (sal-cells, n � 4; nic-cells, n � 5). Data are presented as the mean � SEM.
Blockers, 10 �M CNQX 	 50 �M D-APV 	 10 �M bicuculline.
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domination of desensitization (Quick and Lester, 2002; Brody et
al., 2006). Consistent with these behavioral data, we find that
reactivation of �4�2* nAChRs in the dentate gyrus in vitro is
capable of restoring normal excitability to the CA1 region. Since
in vitro nicotine has no overall effect on excitability in slices from
saline-treated animals, the homeostatic effect of nicotine pre-
sumably arises from its interaction with functionally altered
nAChRs. Importantly, �4 subunit-containing nAChRs, localized
to where the perforant path terminates in the dentate gyrus, are
particularly sensitive to upregulation by nicotine in vivo (Nashmi
et al., 2007), thereby providing the molecular and cellular basis
for our finding that the initial neuroadaptation induced by nico-
tine is dependent specifically on this region. Overall, we propose
that chronic nicotine acting in vivo at upregulated �4�2*
nAChRs on perforant path axons (Nashmi et al., 2007) and/or
directly on GABAergic interneurons (Alkondon and Albuquer-
que, 2005) alters the excitatory/inhibitory balance in the dentate
gyrus to favor inhibition, resulting in a decreased excitatory out-
put. Adaptations to the constant presence of nicotine in vivo such
as an increase in the intrinsic and/or synaptic excitability of the
granule cells would constitute an appropriate homeostatic resto-
ration of function, thereby keeping neuronal communication
within a stable operational range (Turrigiano and Nelson, 2000).
However, during the early phase of withdrawal, the inhibitory
drive provided by nicotine is removed, revealing an enhanced
dentate granule cell excitability, which then propagates to the
CA1 region.

During the initial 2–3 weeks of withdrawal in vivo, nicotine
will not be present to maintain �4�2* nAChRs in their upregu-
lated state, and normal function should be restored within the
dentate gyrus as these receptors return to their original condition
(Marks et al., 1985; Collins et al., 1988). According to the simplest
homeostatic models of addiction (Koob and Bloom, 1988), it
follows that the downstream changes in CA1 pyramidal cell
excitability should also reverse shortly after cessation of drug.
However, this is not what we observe: the increased neuronal
excitability is maintained, albeit through a different mechanism.
Secondary adaptations that occur during abstinence from drugs
of abuse may somewhat counteract the withdrawal symptoms
but do not return the brain to its predrug state (Koob and Bloom,
1988; Koob and Le Moal, 2001, 2005; DiFranza and Wellman,
2005; Hyman et al., 2006). Thus, withdrawal from drug and as-
sociated global stress responses may be responsible for the gener-
ation of a chronically altered brain through the induction of an
allostatic state (Koob and Le Moal, 2001). Together, these argu-
ments imply that evaluation of the period of abstinence after
withdrawal of nicotine may be just as relevant as the immediate
effects of drug use, as demonstrated by the finding that pharma-
cological intervention during withdrawal may prevent some of
the long-lasting neuronal rewiring (Francesconi et al., 2009).

We speculate that these mechanisms likely induce further
plasticity that accounts for the additional persistent effects in the
CA1 region not readily explained by homeostatic adaptations.
Our data show that a decrease in Ba 2	-sensitive K	 currents may
underlie the enhanced excitability of CA1 pyramidal cells follow-
ing long-term withdrawal from nicotine, in agreement with prior
research showing that similar conductances are altered in pre-
frontal cortical neurons following cocaine administration (Nasif
et al., 2005a). Such ionic changes can also explain our extracellu-
lar data, as E-S potentiation may be produced by a change in
voltage-dependent ion channels (Taube and Schwartzkroin,
1988; Wathey et al., 1992). The observation that multiple phases
of plasticity are apparent on withdrawal from nicotine is consis-

Figure 7. In vitro nicotine no longer restores normal function after long-term withdrawal. A,
Examples of orthodromically evoked suprathreshold fEPSPs recorded in stratum radiatum (top
traces) and pSpikes recorded in stratum pyramidale (bottom traces) from 3 month withdrawn
animals in the presence of 500 nM nicotine (sal-slices: red; nic-slices: blue). Stimulus artifacts
have been removed for clarity, and black triangles represent time of stimulus. B, Mean extra-
cellular E-S curves from long-term withdrawn animals in the presence of 500 nM nicotine (sal-
slices, n � 16; nic-slices, n � 16). Data are presented as the mean � SEM.

Figure 6. In vitro nicotine restores normal function at early withdrawal. A, Top, Examples of
orthodromically evoked subthreshold fEPSPs recorded in stratum radiatum from 1 d withdrawn
saline-treated animals in ACSF (red) and 500 nM nicotine (black). Bottom, Examples of ortho-
dromically evoked subthreshold fEPSPs recorded in stratum radiatum from 1 d withdrawn
nicotine-treated animals in ACSF (blue) and 500 nM nicotine (black). Stimulus artifacts have
been removed for clarity, and black triangles represent time of stimulus. B, Mean fEPSP slope I-O
curves in the presence of 500 nM nicotine (sal-slices, n � 11; nic-slices, n � 11). C, Examples of
orthodromically evoked suprathreshold fEPSPs recorded in stratum radiatum (top traces) and
pSpikes recorded in stratum pyramidale (bottom traces) from 1 d withdrawn animals in the
presence of 500 nM nicotine (sal-slices: red; nic-slices: blue). Stimulus artifacts have been re-
moved for clarity, and black triangles represent time of stimulus. D–F, Mean extracellular E-S
curves in the presence of 500 nM nicotine (D) (sal-slices, n � 11; nic-slices, n � 11), 500 nM

DH�E (E) (sal-slices, n � 5; nic-slices, n � 5), and 500 nM nicotine 	 500 nM DH�E (F )
(sal-slices, n � 9; nic-slices, n � 10). Data are presented as the mean � SEM.
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tent with proposed theories of drug dependence and addiction
that suggest the initial induction mechanisms are drug specific
and the subsequent enduring changes are independent of the
primary drug targets (Koob and Bloom, 1988; Hyman et al.,
2006).

Although other studies of nicotine addiction have highlighted
the importance of drug-induced modulation of nAChRs and syn-
aptic transmission in the central reward pathways (Mansvelder
and McGehee, 2002), it is not known whether these effects are
long lasting or whether they would be sufficient to sustain drug
seeking (Hyman et al., 2006). It is thought that hypersensitivity of
certain cortical structures to drug-associated cues results in al-
tered glutamatergic control of the nucleus accumbens during
addiction (Kalivas and Volkow, 2005). Indeed, glutamate recep-
tor antagonism in the nucleus accumbens can prevent reinstate-
ment of drug-seeking behavior while agonist application in this
structure reinstates drug-seeking behavior (Cornish and Kalivas,
2000). The nucleus accumbens receives highly convergent gluta-
matergic input from prefrontal cortex and hippocampus
(O’Donnell and Grace, 1995), and hippocampal input is required
for switching nucleus accumbens neurons to the depolarized up-
state, which allows prefrontal cortical inputs to trigger action
potential firing in these cells (O’Donnell and Grace, 1995). Ac-
tion potential firing of nucleus accumbens neurons is associated
with drug-seeking behavior (Peoples et al., 2004), and, following
1 month withdrawal, activation of nucleus accumbens neurons
by drug-associated stimuli is enhanced (Hollander and Carelli,
2007). It is, therefore, tempting to suggest that the increased ex-
citability of the hippocampus observed here could contribute to
the increased spiking of nucleus accumbens neurons by increas-
ing the ability of these neurons to respond to prefrontal cortical
input. Moreover, the persistent nicotine-induced alteration of
the input– output properties of CA1 pyramidal neurons may help
to explain why a few cigarettes can produce lifelong behavioral
changes (Russell, 1990) such as the long-term susceptibility to
relapse following cessation of nicotine.
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