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Abstract
Rationale Evidence suggests that neuronal nicotinic acetyl-
choline receptor (nAChR) ligand lobeline has antidepressant-
like properties.
Objectives The present study investigated the effects of lobe-
line on nicotine withdrawal-induced depression-like
behavior.
Methods Adult C57BL/6J mice were exposed to nicotine
(200 μg/ml) in drinking solution for 3 weeks. During with-
drawal, depression-like behavior was measured by the forced
swim test (FST). We also determined norepinephrine (NE)
levels in the prefrontal cortex (PFC) and hippocampus during
nicotine withdrawal. Furthermore, we determined the effects
of repeated treatment with lobeline or a selective α4β2
nAChR ligand 3-(pyridine-3 ́-yl)-cytisine on brain-derived
neurotrophic factor (BDNF) and phosphorylated cAMP-
responsive element binding (p-CREB) protein expression in
the hippocampus.
Results Withdrawal from chronic nicotine increased immobil-
ity time in the FST, a measure for depression-like behavior.
Pretreatment with lobeline significantly decreased immobility
time during nicotine withdrawal. In addition, pretreatment
with lobeline attenuated nicotine withdrawal-induced in-
creased NE levels in the PFC and hippocampus. Further,
repeated treatment with lobeline or 3-(pyridine-3́-yl)-cytisine
decreased immobility time in the FST and reduced
withdrawal-induced increased BDNF and p-CREB expres-
sion in the hippocampus.
Conclusions Taken together, our results indicate that lobeline
attenuated nicotine withdrawal-induced depression-like be-
havior likely by targeting brain nAChRs, noradrenergic

neurotransmission, and/or hippocampal BDNF. Thus, lobeline
may have some potential to prevent smoking relapse by
counteracting nicotine withdrawal-induced depression in
humans.
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Introduction

Tobacco smoking behavior is a leading preventable cause of
premature death in the USA and other countries (Benowitz
2010). Smoking cessation is believed to be linked to the
heightened depressive states (Zaniewska et al. 2010).
Relapse is thought to arise, in part, from the need to counteract
the negative affective symptoms such as depression (Hughes
et al. 2007). Evidence suggests that the negative affective
symptoms of nicotine withdrawal are mediated by neuronal
nicotinic acetylcholine receptors (nAChRs) (Watkins et al.
2000; Jackson et al. 2008, 2009). One of the most extensively
studied effects of chronic nicotine treatment in humans and
rodents is the upregulation of nAChR expression and function
(Nguyen et al. 2003). Chronic oral nicotine administration
increases density of neuronal nAChRs in mice (Sparks and
Pauly 1999). Chronic nicotine causes the largest increase in
[3H]-cytisine binding (marker forα4β2 nAChRs) in the hippo-
campus and cortex. The nAChR upregulation can contribute
to the mechanisms that maintain nicotine consumption, as
well as withdrawal symptoms including depression by
influencing release of major neurotransmitters and diverse
signaling pathways. For example, neuronal nAChRs are
thought to regulate release of monoamine neurotransmitters
such as norepinephrine (NE) and serotonin (Rahman et al.
2008; Sajja et al. 2010; Tani et al. 1997). Monoamine neuro-
transmitters play important roles in depression or nicotine
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withdrawal (Gäddnäs et al. 2000; Ressler and Nemeroff
2000). For instance, Gäddnäs et al. (2000) reported that with-
drawal from chronic nicotine increases NE levels in the hy-
pothalamus. Altered noradrenergic neurotransmission could
be related, in part, to the neuroadaptations observed during
nicotine withdrawal. A previous report indicates that NE
induces cell signaling pathways of neuroplasticity including
cAMP-responsive element binding protein (CREB) in the
hippocampus (Chen et al. 2007). The activation of CREB
signaling pathways leads to the gene expression of brain-
derived neurotrophic factor (BDNF), promoting neuroplastic
changes. In addition to a downstream target of CREB signal-
ing, BDNF is an upstream activator of CREB (Kivinummi
et al. 2011). Moreover, BDNF is involved in the
neuroadaptations underlying both depression and addictive
behaviors (see Duman and Aghajanian 2012; McClung and
Nestler 2007 for reviews). The above findings suggest that
neuronal nAChRs are potential targets for the treatment of
nicotine withdrawal due to critical involvements in the neuro-
chemical and neuroadaptive functions.

Evidence also suggests that blockade of neuronal
nAChR function may produce antidepressant-like effects
(Sanberg et al. 2012). For example, nAChR antagonists
such as mecamylamine and dihydro-β-erythroidine (DHβE)
produce antidepressant-like effects in mice (Rabenstein et al.
2006). Recently, we found that nAChR ligand lobeline has
antidepressant-like and anxiolytic-like properties (Roni and
Rahman 2011, 2013) in mice. Lobeline is considered as a
partial agonist or an antagonist at nAChRs. The observa-
tions from receptor binding studies suggest that lobeline is
a nonselective nAChR antagonist with high affinity for
α4β2 and α3β2 nAChRs (Dwoskin and Crooks 2002;
Parker et al. 1998). Lobeline inhibits the effects of nico-
tine in a concentration-dependent manner in voltage-
clamped Xenopus oocytes expressing α4β2 nAChRs
(Damaj et al. 1997). Lobeline blocks nicotine-evoked
[3H]NE release from rat locus coeruleus cells and
nicotine-evoked [3H]dopamine overflow from rat striatal
slices (Gallardo and Leslie 1998; Miller et al. 2000).
Behavioral effects of lobeline were neither enhanced nor
blocked by β2-selective nAChR antagonist DHβE (Damaj
et al. 1997). Similarly, behavioral effects of lobeline
remained unchanged or not inhibited in the presence of
nonselective antagonist mecamylamine (Damaj et al. 1997;
Stolerman et al. 1995). Additionally, lobeline reduces
forced swim stress (FSS)-induced increased NE levels in
the prefrontal cortex (PFC) (Roni and Rahman 2013).
Besides, our laboratory has recently studied lobeline for
the treatment of alcohol dependence (Sajja et al. 2010;
Sajja and Rahman 2011, 2012). We found that lobeline
decreased voluntary ethanol intake in rats (Bell et al.
2009) and mice (Sajja and Rahman 2011, 2012). In addi-
tion, lobeline decreased ethanol-induced midbrain

dopamine function and metabolism in mice (Sajja et al.
2010). Similarly, lobeline was shown to decrease behav-
ioral and neurochemical effects of psychostimulants
(Harrod et al. 2001; Miller et al. 2001). While previous
studies indicate the potential efficacy of lobeline in the
treatment of depression or smoking cessation (Glover et al.
1998), no study examined the effects of lobeline on nic-
otine withdrawal-induced depression.

The goal of the present study was to investigate the
effects of lobeline in mice withdrawn from chronic oral
nicotine. We selected oral nicotine administration because
it produces numerous small peaks in plasma nicotine
levels, an effect that closely resembles the condition found
in human users (Sparks and Pauly 1999). Moreover, oral
nicotine administration effectively produces dependence,
upregulates neuronal nAChRs (Sparks and Pauly 1999),
increases striatal dopamine levels (Pietilä et al. 1995), and
produces less stress than invasive nicotine administration
methods. We hypothesized that lobeline will decrease
depression-like behaviors during nicotine withdrawal. In
addition, we anticipated that the changes in depression-
like behaviors would be correlated with changes in NE
neurotransmitter and relevant neuroadaptive markers such
as CREB and BDNF in relevant brain regions. Therefore,
we studied the effects of lobeline on FSS-induced NE
levels in the PFC and hippocampus. Finally, in order to
understand the effects of lobeline on neuroadaptive changes
related to nicotine withdrawal, we measured phosphorylated-
CREB (p-CREB) and BDNF expressions in the PFC and
hippocampus.

Materials and methods

Animals

Male C57BL/6J mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). These mice were se-
lected because they consume more nicotine than any other
inbred strains (Robinson et al. 1996). They were single-
housed in standard shoebox cages (29×18×12 cm), under
standard laboratory conditions (22±2 °C, relative humidity
50–60 %) and maintained on a 12-h light/dark cycle (lights
on at 0600 hours) with free access to food and water. Mice
were 10–12 weeks of age at the start of the experiment. The
behavioral experiments were conducted between 0900 and
1600 hours, and mice were allowed to habituate to the
testing room for at least 30 min. Counterbalanced design
was used to control for any order effects. All procedures
were in compliance with the National Institutes of Health
guidelines for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use
Committee at South Dakota State University.
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Drugs and nicotine solution

Nicotine hydrogen tartrate, lobeline hydrochloride, and
bupropion hydrochloride were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The 3-(pyridine-3́-yl)-cytisine
(3-pyr-cyt) was purchased from Tocris Bioscience (Ellisville,
MO, USA). Nicotine hydrogen tartrate was dissolved in 2 %
saccharine solution. The nicotine solution was replenished
every other day with fresh solution. Lobeline (1 or 4 mg/kg),
bupropion (8 mg/kg), and 3-pyr-cyt (0.5 mg/kg) were dis-
solved in saline before subcutaneous injection in a volume
of 0.01 ml/g body weight of animal. Doses, expressed as salt
form of the drugs, were selected based on our previous studies
(Roni and Rahman 2013).

Establishment of nicotine dependence

Mice were allowed to drink from 200 μg/ml nicotine (as free
base) solution for 21 days (Grabus et al. 2005). The sweetened
nicotine solution was the only fluid available for drinking during
that period. Control mice received only 2 % saccharine solution.
Nicotine solution was given in 15-ml plastic centrifuge tubes
fitted with stainless steel straight sipper tubes with balls. Daily
consumption of nicotine solution (ml) was measured from grad-
uated centrifuge tubes. Four tubes were kept in empty cages to
measure loss of solution by leakage or evaporation. The average
loss of solution was subtracted from the test values.

Measurement of cotinine levels

Serum cotinine levels were measured after 2 weeks of nicotine
exposure. About 40 μl blood samples were collected from the
tail vein of mice in a microvette tube (Microvette 500 Z-Gel,
Sarstedt, Germany) during the first hour of dark cycle. Serums
were separated by centrifugation at 10,000×g for 5 min at
20 °C. Serum cotinine levels were measured by enzyme
immunosorbent assay (OraSure Technologies, Bethlehem,
PA, USA) according to manufacturer’s instructions (Klein
et al. 2004).

Experimental procedure

In experiment 1, we have determined the acute effects of
lobeline during nicotine withdrawal (Fig. 1a). After 21 days
of drinking, nicotine solutions were replaced with tap water to
initiate withdrawal. Saccharine solutions were replaced with
tap water in the control group. Body weights of mice were
measured every week throughout the experiment. Lobeline (1
or 4 mg/kg) or saline was administered 24 h following with-
drawal. Immediately following lobeline or saline treatment,
somatic signs and locomotor activities were measured con-
secutively. Seventy-two hours following above tests, mice
were administered with lobeline, saline, or bupropion, and

the forced swim test (FST) was performed 20 min later.
Bupropion was used as a positive control since it is prescribed
as an antidepressant as well as smoking cessation agent.
Previous report suggests that only high dose of bupropion
(30 mg/kg) increases locomotor activity in nicotine-exposed
rats (Wilkinson et al. 2006). We selected a low dose of
bupropion (8 mg/kg) in the present study to avoid potential
generalized motor activity from influencing the FST results.

Nicotine withdrawal-induced increased depression-like be-
havior in the FST persists for about 2–9 weeks (Mannucci
et al. 2006; Zaniewska et al. 2010). To determine the relation-
ships of increased depression-like behavior with NE and
serotonin levels, we sacrificed the mice after 2 weeks of
withdrawal. Mice received lobeline or saline treatment before
a FST session, and brain tissue was immediately harvested for
NE and serotonin assay.

In experiment 2, we have determined the effects of repeated
lobeline treatment during nicotine withdrawal (Fig. 1b). After
21 days of drinking, nicotine solutions were replaced with tap
water to initiate withdrawal. Saccharine solutions were re-
placed with tap water in the control group. Following 24 h
of withdrawal, mice received once daily treatment with lobe-
line, 3-pyr-cyt, or saline for seven consecutive days (Harrod
and Van Horn 2009). The FST was performed 24 h after the
last drug injection. Mice were sacrificed on the next day to
collect brain samples for Western blot analysis. Due to lack of
a specific antagonist, we used a selectiveα4β2 nAChR partial
agonist (3-pyr-cyt) for comparing with the lobeline treatment.
A single dose of 3-pyr-cyt was used based on our previous
studies (Roni and Rahman 2013).

Somatic signs

Twenty-four hours following withdrawal, mice were observed
for 20 min in home cages to detect somatic signs. Frequency

Oral Nicotine

Week 0 1 2 3 4 5
SS
LMA

FST

Brain tissue collected 
for Monoamine assay

A

B Oral Nicotine

Week 0 1 2 3 4
FST

Brain tissue collected 
for western blotTreatment

Fig. 1 Experimental timeline. a Mice were exposed to oral nicotine
solution for 3 weeks. Somatic sign measurement (SS), locomotor activity
(LMA), and forced swim test (FST) were carried out during withdrawal.
Black arrow indicates acute injection of drug or saline. b Following
withdrawal from chronic oral nicotine, mice were administered drug or
saline for 1 week. The FSTwas performed 24 h after last drug injections.
See section “Experimental procedure” for further details
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of somatic signs such as paw tremor (forelimb shakes), head
shakes, and body tremor was counted (Grabus et al. 2005;
Mannucci et al. 2006).

Locomotor activity

Each mouse was placed in the periphery of a square chamber
(40×40×35 cm) and allowed to explore freely for 10 min
(after a 5-min chamber acclimation period) (Grabus et al.
2005). All sessions were recorded and analyzed by video
tracking system (ANY-maze-Stoelting, Inc., Wood Dale, IL,
USA) to measure the total distance traveled (m) (Roni and
Rahman 2011).

Forced swimming test

The FST, a widely used behavioral test to assess the pharma-
cological efficacy of antidepressants in rodents, was per-
formed with minor modifications (Porsolt et al. 1977). Each
mouse was placed in a cylindrical Plexiglas tank (45-cm
height × 20-cm diameter), filled with 25 cm of water (20–
22 °C), for 15min (Roni and Rahman 2013). The experiments
were video recorded and immobility time was measured by
two skilled observers. Immobility was counted when no ad-
ditional activities were observed other than that required to
keep the head above water.

Monoamine assay

Monoamine assay was performed as described previously
(Roni and Rahman 2013). Twenty minutes after saline or drug
treatment, mice were forced to swim for 10 min in the FST
apparatus. Mice were sacrificed by rapid decapitation imme-
diately after the FSS. The PFC and hippocampus were dis-
sected from 1-mm coronal sections using Allen Brain Atlas
and mouse brain stereotaxic coordinates (Franklin and
Paxinos 2007). Samples were stored at −80 °C until analysis.
Upon assay, tissues were diluted with 0.1 N perchloric acid
(1:10 as g/ml); samples were homogenized and centrifuged
(14,000×g for 30 min at 4 °C). Resulting supernatants (20 μl)
were injected onto a high-performance liquid chromatography
system coupled with electrochemical detection unit (ESA Inc.,
Chelmsford, MA, USA). The guard cell potential was set at +
350 mV. The gain of the detector was set at 100 nA for both
electrodes (electrode 1, −150 mV; electrode 2, +220mV). The
mobile phase (pH=3.0) consisted of 75 mM NaH2PO4,
1.7 mM 1-octane sulfonic acid, 25 μM EDTA, 100 μl/l
triethylamine, and 100 ml/l of acetonitrile. The C-18
analytical column (BetaBasic-18 column, 150×3 mm,
Thermo Hypersil-Keystone, PA, USA) was used as sta-
tionary phase, and the flow rate was 0.5 ml/min. Data
were collected in ESA chromatography data system
(EZChrom Elite, Chelmsford, MA, USA). Peak heights

and calibration factors based on the standard solutions
of NE and serotonin (1–100 ng/ml) were used to calcu-
late the amount of NE and serotonin, and the values
were expressed as nanograms per milligram weight of
tissue.

Western blot analysis

The PFC and hippocampus were dissected, frozen in
liquid nitrogen, and stored at −80 °C until analysis.
Western blot analysis was performed as described pre-
viously with some modifications (Xu et al. 2006).
Tissue samples were homogenized in modified RIPA
buffer containing Dulbecco’s phosphate-buffered saline
(pH 7.4), 1 % Igepal CA-630, 0.1 % sodium dodecyl
sulfate (SDS), and protease inhibitor mix (cOmplete,
Mini, Roche, Indianapolis, IN, USA). The samples were
centrifuged (16,000×g, 20 min at 4 °C) and supernatants
were collected. Protein concentration was determined by
bicinchoninic acid assay (Pierce, Rockford, IL, USA)
using albumin as standard. Equal amounts of protein
(60 μg) were loaded onto 10 % gels for SDS polyacryl-
amide gel electrophoresis. Separated proteins were trans-
ferred onto nitrocellulose membranes at 80 V for
90 min. Membranes were blocked on a gyro-rocker with
5 % nonfat dry milk in Tris-buffered saline/0.1 %
Tween-20 (TBST) for 1 h, rinsed with TBST, and
subsequently incubated overnight at 4 °C with primary
antibodies for Ser-133 p-CREB (1:500, rabbit polyclon-
al, Santa Cruz Biotech, USA), BDNF (H-117, 1:300,
rabbit polyclonal, Santa Cruz Biotech, USA), or β-
tubulin (E7, 1:5,000, mouse monoclonal, University of
Iowa, USA). After incubation, membranes were washed
in TBST, followed by incubation with appropriate
horseradish peroxide-conjugated secondary antibodies,
diluted in blocking buffer at a concentration of
1:5,000. Bound antibodies were detected with ECL
Prime reagent (Amersham, Buckinghamshire, UK), and
protein quantification was performed using densitometric
analysis.

Statistical analyses

Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multi-
ple comparisons using GraphPad Prism (GraphPad Inc.,
San Diego, CA, USA). Data from Western blot studies
were expressed as p-CREB or BDNF/β-tubulin expres-
sion (% control). The difference between treatments was
considered significant at p <0.05. Results were
expressed as mean±SEM.
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Results

Nicotine consumption and cotinine levels

Daily average consumption of oral nicotine solution
(200 μg/ml, 21 days) was 6.18±0.11 ml which corre-
sponds to about 49 mg/kg nicotine consumption by oral
route. Serum cotinine level, measured during the first
hour of dark phase, was 142.86±3.7 ng/ml for mice
receiving oral nicotine for 2 weeks. Cotinine levels were
below detection level (<8 ng/ml) during nicotine with-
drawal. The body weight of nicotine-treated mice did
not differ significantly from that of control during nic-
otine withdrawal.

Effects of lobeline on the somatic signs

As shown in Fig. 2 and Table 1, mice withdrawn from
200 μg/ml oral nicotine exhibited significantly higher
numbers of somatic signs such as paw tremors, body
tremors, and head shakes compared to saccharine-
exposed controls (Fig. 2; F3,21=25.56; p<0.0001).
Multiple comparisons of means revealed that both 1-
and 4-mg/kg lobeline treatments significantly decreased
withdrawal-induced somatic signs (p<0.05 or p<0.0001,
respectively) compared to saline-treated group.

Effects of lobeline on the locomotor activity

As shown in Fig. 3, withdrawal from chronic oral nicotine did
not produce significant change in the locomotor activity com-
pared to saccharine-exposed controls. In addition, lobeline

treatment had no effect on locomotor activity during
withdrawal.

Effects of lobeline in the FST

The effects of acute lobeline treatment in the FSTare shown in
Fig. 4. There was a main effect of treatment on immobility
time in the FST (F4,27=12; p<0.0001). Multiple comparisons
of means revealed that immobility time was significantly
higher in mice withdrawn from chronic oral nicotine com-
pared to saccharine-exposed control (p<0.05). Conversely,
pretreatment with lobeline (1 or 4 mg/kg) significantly de-
creased immobility time during nicotine withdrawal
(p<0.0001 or p<0.05, respectively). As a positive control,
bupropion also significantly decreased immobility time during
nicotine withdrawal (p<0.0001).

The effects of repeated lobeline treatment for 7 days in the
FSTare shown in Fig. 5. There was a significant overall effect
of repeated treatment on immobility time (F3,20=20.8;
p<0.0001). Multiple comparisons of means showed that im-
mobility time remained significantly high in mice withdrawn
from chronic nicotine compared to saccharine-exposed con-
trol (p<0.01). Repeated lobeline treatment significantly de-
creased immobility time during withdrawal (p<0.0001).
Similarly, immobility time was reduced by 3-pyr-cyt, a selec-
tive α4β2 nAChR ligand and partial agonist (p<0.0001).

Fig. 2 Effects of lobeline (Lob) on somatic signs of withdrawal. Somatic
signs were counted about 24 h after cessation of chronic nicotine admin-
istration (200 μg/ml, 3 weeks). Mice (n=6–7) received Lob (1 or 4 mg/kg,
s.c.) or saline (Sal, s.c.) injections immediately before somatic sign
measurements. Control group was exposed to 2 % saccharine solution.
Data are presented as mean±SEM. *p<0.05; **p<0.0001

Table 1 Effects of lobeline on somatic signs of nicotine withdrawal

Withdrawal signs Nicotine withdrawal

Control Sal Lob 1 mg/kg Lob 4 mg/kg

Paw tremor 1±0.5 25±3* 21±3 10±2**

Head shakes 0.3±0.3 6±1* 2±0.2** 0**

Body tremor 2±0.5 14±3* 0.4±0.4** 0.4±0.4**

*p<0.001 vs. control; **p<0.001 vs. saline (sal)

Fig. 3 Lobeline (Lob) had no effect on locomotor activity during nico-
tine withdrawal in mice. Locomotor activities were measured about 24 h
after cessation of chronic nicotine administration (200 μg/ml, 3 weeks).
Control groupwas exposed to 2% saccharine solution. Data are presented
as mean±SEM
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Effects of lobeline on brain monoamines

Effects of lobeline treatment on NE levels in the hippocampus
are shown in Fig. 6a. One-way ANOVA indicated that there
was a treatment effect on NE levels (F3,14=6.6; p<0.01).
Multiple comparisons revealed that NE levels were signifi-
cantly higher in mice withdrawn from chronic oral nicotine
compared to saccharine-exposed controls (p<0.05).
Conversely, pretreatment with 1 mg/kg lobeline significantly
reduced nicotine withdrawal-induced increased NE levels in
the hippocampus (p<0.01). However, 4 mg/kg lobeline did
not significantly change NE levels.

Effects of lobeline treatment on NE levels in the PFC are
shown in Fig. 6b. There was a significant main effect of
treatment on NE levels in the PFC (F3,13=4; p<0.05).
Similar to the hippocampus, increased NE levels were

observed in the PFC of mice withdrawn from chronic oral
nicotine compared to saccharine-exposed controls (p<0.05).
Pretreatment with 1 mg/kg lobeline decreased nicotine
withdrawal-induced increased NE levels in the PFC
(p<0.05). Pretreatment with 4 mg/kg lobeline did not have a
significant effect on NE levels in the PFC.

Nicotine withdrawal did not significantly change the sero-
tonin levels in the hippocampus (control 0.35±0.1 ng/mg,
nicotine withdrawn 0.41±0.05 ng/mg) or the PFC (control
0.45±0.1 ng/mg, nicotine withdrawn 0.43±0.1 ng/mg) com-
pared to control. In addition, pretreatment with lobeline 1 or
4 mg/kg did not change serotonin levels in both brain regions
during nicotine withdrawal (data not shown).

Effects of lobeline on BDNF and p-CREB

As shown in Fig. 7, one-way ANOVA indicated a significant
overall treatment effect on BDNF expression in the hippo-
campus (F3,17=7.4; p<0.01) following repeated administra-
tion of saline or drugs during withdrawal. Further post hoc
analysis indicated that withdrawal from chronic oral nicotine
significantly increased BDNF expression compared to control

Fig. 4 Effects of acute lobeline (Lob) treatment on immobility time in the
forced swim test (FST) during nicotine withdrawal in mice. The FSTwas
performed about 96 h after cessation of chronic nicotine administration
(200 μg/ml, 3 weeks). Mice (n=6–7) received Lob (1 or 4 mg/kg, s.c.),
bupropion (Bup, 8 mg/kg, s.c.), or saline (Sal, s.c.) injections 20 min
before the FST. Control group was exposed to 2 % saccharine solution.
Data are presented as mean±SEM. *p<0.05; **p<0.0001

Fig. 5 Effects of repeated lobeline (Lob) treatment on immobility time in
the forced swim test (FST) during nicotine withdrawal in mice. Mice (n=
6) received Lob (1 or 4 mg/kg, s.c.), 3-pyr-cyt (0.5 mg/kg, s.c.), or saline
(Sal, s.c.) injections for 7 days following cessation of nicotine adminis-
tration (200 μg/ml, 3 weeks). The FST was performed 24 h after last
injections. Control group was exposed to 2 % saccharine solution. Data
are presented as mean±SEM. *p<0.01; **p<0.0001

Fig. 6 a Effects of lobeline (Lob) on hippocampal norepinephrine (NE)
levels after the forced swim test (FST) during nicotine withdrawal. b
Effects of Lob on NE levels in the prefrontal cortex after the FST during
nicotine withdrawal. Mice (n=4–5) received Lob (1 or 4 mg/kg, s.c.) or
saline (Sal, s.c.) injections 20 min before the FST. Control group was
exposed to 2 % saccharine solution. Data are presented as mean±SEM.
*p<0.05; **p<0.01
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(p<0.05). Conversely, lobeline (1 mg/kg) pretreatment for
7 days significantly suppressed nicotine withdrawal-induced
upregulation of BDNF in the hippocampus (p<0.01).
Likewise, pretreatment with 3-pyr-cyt significantly decreased
BDNF expression in the same region (p<0.01). However, no
significant treatment effect was observed on BDNF expres-
sion in the PFC (data not shown).

One-way ANOVA revealed a significant main effect of
treatment on p-CREB expression in the hippocampus
(F3,18=5; p<0.01) following repeated administration of saline
or drugs during withdrawal. As shown in Fig. 8, although
there was a trend of p-CREB upregulation in nicotine-
withdrawn mice compared to control, multiple comparisons
of means did not reveal significant difference. Lobeline
(1 mg/kg) pretreatment for 7 days did not significantly change
p-CREB expression in the hippocampus. However, pretreat-
ment with α4β2 nAChR-selective ligand 3-pyr-cyt decreased
p-CREB expression in the hippocampus compared to
nicotine-withdrawn mice receiving saline treatment
(p<0.01). Conversely, there was no significant effect of treat-
ment on p-CREB expression in the PFC (data not shown).

Discussion

The important findings of the present study are that lobeline at
lower dose significantly reduced nicotine withdrawal-induced
depression-like behavior in mice. In addition, pretreatment
with lobeline significantly decreased swim stress-induced

increased NE levels in the PFC and hippocampus during
nicotine withdrawal. Further, repeated lobeline treatment re-
duced nicotine withdrawal-induced increased BDNF and p-
CREB expression in the hippocampus. Overall, the results
indicate that lobeline suppressed nicotine withdrawal-
induced depression-like behavior likely by targeting brain
nAChRs, noradrenergic neurotransmission, and/or hippocam-
pal BDNF.

In the present study, nicotine withdrawal increased immo-
bility time in the FST, indicating depression-like behavior. To
the best of our knowledge, this is the first report of depression-
like behavior induced by withdrawal from chronic oral nico-
tine. Interestingly, Andreasen et al. (2009) did not observe
depression-like behavior in mice during oral nicotine with-
drawal. The apparent discrepancy could be due to methodo-
logical differences such as mice strain (NMRI vs. C57BL/6J),
length of nicotine access (21 vs. 3 weeks), or nicotine con-
centration (400 vs. 200 μg/ml).

Repeated lobeline treatment produced antidepressant-like
effects without development of tolerance. Similarly, repeated
treatment with 3-pyr-cyt, a α4β2-selective nAChR partial
agonist, produced antidepressant-like effects during with-
drawal likely by inhibiting α4β2 nAChR. The 3-pyr-cyt is
likely to compete with endogenous ACh in vivo which is
similar to competitive antagonism (Mineur et al. 2009).
Previous studies indicate that β2- or α6-containing nAChRs
are associated with nicotine withdrawal-induced negative
mood (Jackson et al. 2008, 2009). Given that lobeline has

p-CREB

-tubulin

Control Sal Lob1 3-pyr-cyt

ββ

Fig. 8 Repeated treatment with lobeline (Lob) had modest effect on p-
CREB expression in the hippocampus. Mice (n=5–6) received Lob
(1 mg/kg, s.c.), 3-pyr-cyt (0.5 mg/kg, s.c.), or saline (Sal, s.c.) injections
for 7 days following cessation of nicotine administration (200 μg/ml,
3 weeks). Hippocampi were collected 48 h after last injections. Control
group was exposed to 2 % saccharine solution. Data are presented as
mean±SEM

BDNF

-tubulin

Control Sal Lob1 3-pyr-cyt

ββ

Fig. 7 Effects of repeated treatment with lobeline (Lob) on expression of
BDNF in the hippocampus. Mice (n=5–6) received Lob (1 mg/kg, s.c.),
3-pyr-cyt (0.5 mg/kg, s.c.), or saline (Sal, s.c.) injections for 7 days
following cessation of nicotine administration (200 μg/ml, 3 weeks).
Hippocampi were collected 48 h after last injections. Control group was
exposed to 2 % saccharine solution. Data are presented as mean±SEM
(n=5–6). *p<0.05; **p<0.01

Psychopharmacology (2014) 231:2989–2998 2995



high affinity for β2-containing nAChR subtypes (such as
α4β2, α3β2, or α6β2) (Dwoskin and Crooks 2002; Parker
et al. 1998), the antidepressant-like effects of lobeline are
likely mediated by inhibiting those particular nAChR
subtypes.

The antidepressant-like effects of lobeline during nicotine
withdrawal were similar (1 mg/kg) or less (4 mg/kg) than our
previous studies with nicotine-naïve mice (Roni and Rahman
2013). However, nAChR expression and function are believed
to be different between nicotine and non-nicotine groups.
Ribeiro-Carvalho et al. (2009) showed that nicotine-induced
upregulation of α4β2 nAChRs was maintained even after
5 days of withdrawal. Therefore, nicotine-withdrawn mice
were expected to respond more to lobeline treatment than
nicotine-naïve mice. In contrast, nicotine-withdrawn mice
did not show increased response to lobeline treatment in the
FST. The possible explanation could be associated with
hypothalamic-pituitary-adrenal (HPA) axis hypoactivity dur-
ing nicotine withdrawal (Semba et al. 2004). The hypoactivity
of the HPA axis to stress during nicotine withdrawal could
make lobeline less effective as the effects of lobeline partly
depend on the normal stress response of the HPA axis.
Previously, we reported that lobeline decreased swim stress-
induced increased corticosterone levels, a measure of HPA
axis activity, in mice (Roni and Rahman 2013). Additionally,
we found that nicotine-dependent mice had increased somatic
signs, 24 h after withdrawal from nicotine, which are in
agreement with previous studies (Grabus et al. 2005;
Mannucci et al. 2006). Evidence suggests that somatic signs
of nicotine withdrawal are mediated by central and partly by
peripheral nAChRs (Watkins et al. 2000). It has been reported
that non-β2-containing nAChRs are associated with nicotine
withdrawal signs (Jackson et al. 2008; Salas et al. 2004).
Being a nonselective antagonist, the effects of lobeline on
somatic signs could be mediated by interaction with non-β2-
containing nAChRs.

Interestingly, the lower dose of lobeline was more effective
in reducing depression-like behavior but less effective in
reducing somatic signs of withdrawal. The apparent discrep-
ancy could be explained by the diverse nature of nAChRs. As
discussed earlier, β2-containing nAChRs are believed to be
associated with depression-like behaviors and non-β2-
containing nAChRs are associated with somatic signs.
Therefore, lower dose of lobeline might target β2-containing
nAChRs to produce antidepressant-like effects, but higher
dose of lobeline might interact with non-β2-containing
nAChR subtypes to alleviate somatic signs. Although the
same group of mice was used for the somatic sign measure-
ment and the FSTwith a 72-h interval, a residual effect is less
likely due to the short half-life of lobeline (50 min) in mice
(Miller et al. 2003).

Further, we found that lobeline (1 mg/kg) significantly
reduced nicotine withdrawal-induced increased NE levels in

the PFC and hippocampus, the brain regions which are
thought to be affected by stress and depression (Campbell
and MacQueen 2004; George et al. 1994). The higher dose
(4 mg/kg) of lobeline failed to reduce NE levels during nico-
tine withdrawal likely due to nonspecific effects, consistent
with our previous studies on nicotine-naïve mice (Roni and
Rahman 2013). Conversely, there was no effect of nicotine
withdrawal on serotonin levels in the PFC and hippocampus.
Taken together, our results suggest that antidepressant-like
effects of lobeline are partly mediated by nAChR interaction
with noradrenergic, but not serotonergic, function. The results
support clinical findings that showed antidepressants other
than selective serotonin reuptake inhibitors were effective in
smoking cessation (Hughes et al. 2007). However, a recent
study indicates the involvement of serotonin receptors (5-
HT2C or 5-HT2A) in nicotine withdrawal-induced
depression-like behaviors in rats (Zaniewska et al., 2010).
Therefore, further studies are needed to confirm the role of
serotonergic function in nicotine dependence.

Another important finding of the present study was that
withdrawal from chronic oral nicotine increased BDNF ex-
pression in the hippocampus. Our results are in agreement
with a previous study where BDNF upregulation was ob-
served in mice withdrawn from chronic oral nicotine
(Kivinummi et al. 2011). Moreover, withdrawal-induced in-
creased plasma BDNF levels were reported in human smokers
(Kim et al. 2007; Bhang et al. 2010).Withdrawal from chronic
cocaine also increases BDNF levels in certain brain areas
which were correlated with cocaine craving and depression-
like behavior (Grimm et al. 2003; Filip et al. 2006). We found
that repeated lobeline treatment decreased BDNF expression
in the hippocampus, correlating with noradrenergic function
and behavior during nicotine withdrawal. Therefore,
antidepressant-like effects of lobeline could be mediated by
regulating hippocampal BDNF levels in nicotine-withdrawn
mice. Likewise, repeated 3-pyr-cyt treatment decreased
BDNF levels in nicotine-withdrawn mice, indicating possible
involvement of α4β2-containing nAChRs in BDNF
expression.

The effects of lobeline on p-CREB levels mirrored BDNF
expression but did not reach statistical significance. In contrast
to the hippocampus, p-CREB or BDNF expression in the PFC
remained unchanged during nicotine withdrawal. Our results
are consistent with a previous study where p-CREB levels in
the PFC remained unchanged after withdrawal from chronic
oral nicotine (Brunzell et al. 2003).

Although we have found that increased BDNF in the
hippocampus is somewhat pro-depressant during nicotine
withdrawal, previous evidence indicates that chronic antide-
pressant treatment acts by elevating BDNF levels and promot-
ing neurogenesis in the hippocampus (Duman and Aghajanian
2012; Krishnan and Nestler 2008). Therefore, further studies
are warranted for these paradoxical findings using direct
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lobeline injection into the hippocampus to determine the role
of hippocampal BDNF in depression during nicotine with-
drawal. In addition, future studies are necessary during nico-
tine withdrawal to correlate directly with changes in BDNF
expression in other brain regions.

In summary, the present study shows that lobeline decreases
nicotine withdrawal-induced depression-like behaviors in mice.
The antidepressant-like effects of lobeline are likely mediated
by neuronal nAChRs and/or modulation of noradrenergic sys-
tems. The effects of lobeline treatment could also be mediated
by modulation of BDNF expression in the hippocampus. Thus,
lobeline may have some potential to prevent smoking relapse
by counteracting nicotine withdrawal-induced depression in
humans.
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