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Vaccination against nicotine is under investigation as a treatment for tobacco dependence. Passive
immunization with nicotine-specific antibodies represents a complementary strategy to vaccination. A
potential adverse effect of passive immunization in nicotine-dependent individuals is that it may lead to a
rapid reduction in brain nicotine levels and trigger withdrawal. The goal of this study was to determine if
passive immunization with the nicotine-specific monoclonal antibody Nic311 precipitated withdrawal in
nicotine-dependent rats as measured by increases in brain reward thresholds and somatic signs. Another
cohort of rats was used to measure brain nicotine levels after Nic311 administration. Nic311 30, 80 or
240 mg/kg reduced brain nicotine concentrations by 45, 83 or 92% compared to controls. None of these
Nic311 doses precipitated withdrawal measured at intervals up to 72 h following antibody administration.
Administration of the nicotinic antagonist mecamylamine precipitated a robust nicotine withdrawal
syndrome. Therefore, a substantial, but not complete, acute reduction in brain nicotine levels following
passive immunization was not sufficient to precipitate nicotine withdrawal in nicotine-dependent rats. The
Nic311 doses used have been shown to attenuate the behavioral effects of nicotine, suggesting that the use of
passive immunization to treat nicotine addiction is not likely to precipitate withdrawal.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction
Nicotine is the primary addictive component in tobacco (Benowitz,
1996). The pharmacokinetics of nicotine, including the extent and rate
of nicotine entry into the brain and the rate of nicotine elimination, are
key determinants of its rewarding and reinforcing effects (Benowitz,
1990; Henningfield and Keenan, 1993; Hukkanen et al., 2005).
Interventions that alter nicotine pharmacokinetics may be useful for
attenuating the addictive effects of nicotine and aiding in smoking
cessation.

Vaccination against nicotine elicits the production of nicotine-
specific antibodies that bind nicotine in serum, reduce or slow its
distribution to brain, and slow its elimination (LeSage et al., 2006b).
Vaccination of rats against nicotine attenuates a variety of nicotine-
related behaviors including the acquisition, maintenance, and rein-
statement of nicotine self-administration (de Villiers et al., 2004;
LeSage et al., 2006a). Three nicotine vaccines are in clinical trials, and
initial reports indicate efficacy in enhancing smoking cessation rates.
However, efficacy is limited because it is strongly correlated with the
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serum nicotine-specific antibody concentrations or titers achieved,
which are both modest and characterized by high individual
variability (Cornuz et al., 2008; Hatsukami et al., 2005). The
development of alternative strategies to reliably produce sufficiently
high antibody levels is critical to maximize the efficacy of immu-
notherapy against nicotine.

Passive immunization against nicotine (the administration of
exogenously derived nicotine-specific antibodies, or NicAb) has been
studied in animals as a complementary strategy to vaccination. The
effects of passive immunization in rats are quite similar to those of
vaccination, such as lower brain nicotine concentrations and attenua-
tion of nicotine-induced locomotor sensitization (Carrera et al., 2004;
Keyler et al., 2005; Roiko et al., 2008). Passive immunization has a
number of potential advantages over vaccination. First, passive
immunization provides control over the antibody dose and resulting
serum antibody concentration, and suitable doses can produce higher
mean serum antibody levels than vaccination. Second, the large
individual variability in immune response and resulting serum
antibody levels seen with vaccination is circumvented. Third, the
effect of passive immunization is immediate as compared to the 1–
3 months needed for vaccination to elicit a maximal antibody
response. Passive immunization is also being studied as a potential
treatment for phencyclidine (Proksch et al., 2000), cocaine (Norman
et al., 2007), and methamphetamine addiction or toxicity (Byrnes-
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Blake et al., 2003). The principal disadvantage of passive immuniza-
tion with nicotine-specific monoclonal antibodies as a therapeutic
strategy for tobacco addiction is its cost (Drucker et al., 2008; McLeod
et al., 2007).

A potential adverse effect of both vaccination and passive
immunization against nicotine is that, by reducing nicotine levels in
brain, they could precipitate a withdrawal syndrome if administered
to current smokers. This reduction in brain nicotine would result from
antibodies binding nicotine in serum and reducing its free (unbound)
fraction, causing a relatively rapid redistribution of nicotine frombrain
into serum. This is unlikely to be a problem with vaccination because
NicAb levels increase gradually over 1–3 months (Lindblom et al.,
2005). Passive immunization differs from vaccination in that
therapeutic levels of NicAb are achieved immediately, which could
more abruptly reduce brain nicotine concentrations.

The goal of this study was to determine whether the acute
administration of the monoclonal nicotine-specific antibody Nic311
precipitates a nicotine abstinence syndrome in nicotine-dependent
rats as assessed by increases in brain reward thresholds (a measure of
anhedonia associated with withdrawal) or somatic signs, two well-
established measures of nicotine withdrawal (Epping-Jordan et al.,
1998; Malin et al., 1992). In a parallel experiment, brain nicotine
concentrations weremeasured to quantitate the extent of reduction in
brain nicotine concentrations after Nic311 administration.

2. Materials and methods

2.1. Animals

Male Holtzman Sprague Dawley rats (Harlan, Indianapolis, IN)
weighing 300–325 g at the time of surgery were housed individually
in temperature and humidity controlled colony rooms with unlimited
access to water under a reversed 12-h light/dark cycle (lights off
at 10:00 am). Rats were food-restricted to 18 g/day rat chow to
minimize weight gain and limit chronic in-dwelling catheter migra-
tion throughout the chronic studies. All protocols were approved by
the Minneapolis Medical Research Foundation Animal Care and Use
Committee and were in compliance with the National Institutes of
Health Guide for Care and Use of Laboratory Animals (Publication No.
85-23, revised 1985).

2.2. Reagents

Nicotine bitartrate or mecamylamine (Sigma Chemical Co., St.
Louis, MO) was dissolved in sterile saline. The pH of the nicotine
solution was adjusted to 7.4 with dilute NaOH. All nicotine doses and
concentrations are expressed as that of the base. The nicotine-specific
monoclonal antibody Nic311 is an IgG1κ derived from mice immu-
nized with the immunogen 3′-aminomethylnicotine conjugated to
recombinant Pseudomonas exoprotein A, with a Kd for nicotine of
60 nM and b1% cross-reactivity with nicotine metabolites or a variety
of neurotransmitters including acetylcholine (Pentel et al., 2006).
Nic311 was purified by protein G chromatography to ≥95% of total
protein content with endotoxin levels of b0.2 EU/mg. Nic311 was
diluted in phosphate-buffered saline to a concentration of 10 mg/ml
for administration of the 30 mg/kg dose, 30 mg/ml for the 80 mg/kg
dose, and 50 mg/ml for the 240 mg/kg dose. The Nic311 dose of
80 mg/kg was selected because this is a likely clinical dose; and
produces serum NicAb levels similar to vaccination (Roiko et al.,
2008). In addition, Nic311 80 mg/kg is equimolar to the steady-state
rat body burden of nicotine (during a nicotine infusion of 3.2 mg/kg/
day), and the Nic311 doses of 30 and 240 mg/kg bracket this dose (0.4
and 3.5× nicotine total body burden, respectively). Control IgG was
human polyclonal IgG (Sandoglobulin®; Sandoz, Vienna, Austria) that
does not bind nicotine or alter nicotine pharmacokinetics or behavior
in rats (Keyler et al., 2005).
2.3. Effects of Nic311 on serum and brain nicotine levels

2.3.1. Protocol
Animals were anesthetized with isoflurane and an Alzet 2ML2

osmotic minipump (Durect Cupertino, CA) to deliver nicotine 3.2 mg/
kg/day was implanted (LeSage et al., 2002). After two days of nicotine
exposure (by which time nicotine concentrations had reached steady-
state), rats were anesthetized with intramuscular (i.m.) droperidol
2.0 mg/kg and fentanyl 0.04 mg/kg. A temporary femoral cannula was
implanted to deliver Nic311 or Control IgG i.v. and then removed. To
characterize the effects of Nic311 over the time period corresponding to
reward threshold measurement (see below), brain and blood samples
were collected 15 or 60 min after infusion of Nic311 80 mg/kg (n=4/
timepoint) or Control IgG (n=6/timepoint). To characterize the dose–
response relationship, brain and blood samples were collected 60 min
after infusion of Nic311 at doses of 30, 80, or 240 mg/kg (n=4/dose).
This time point was used because the greatest effect on brain nicotine
concentrations was observed 60 min following infusion of Nic311.
Group size was smaller for rats administered Nic311 than for controls
due to the limited availability and expense of producing Nic311.

2.3.2. Nicotine assay
Serum and brain nicotine levels were measured by gas chromato-

graphy with nitrogen–phosphorous detection (Jacob et al., 1981).
Brain nicotine concentrations were corrected for brain blood content
(Hieda et al., 1999).

2.3.3. Pharmacokinetic calculations
The total body burdenof nicotine during the nicotine infusion at the

time treatments were administered was calculated as the product of
the steady-state concentration of nicotine (52±13ng/ml asmeasured
on day 2 of the nicotine infusion in the control IgG group) and the
steady-state volume of distribution of nicotine as previously reported
in this strain of rat (3.5 l/kg) (Keyler et al., 2005). The molar dose of
Nic311 was calculated based on a molecular weight of 150 kDa for
Nic311 and 2 nicotine-binding sites per molecule of Nic311. The
amount of nicotine in serum after administration of treatments
was calculated as the serum nicotine concentration×serum volume,
where serum volume is the product of the blood volume (64 ml/kg)
and [1− the estimated hematocrit (0.45)]=35.2 ml/kg.

2.4. Withdrawal assessment

2.4.1. Equipment
Intracranial self-stimulation (ICSS) training and testing occurred in

operant conditioning chambers (29 cm×26 cm×33 cm high) (Med
Associates, St. Albans, VT) placed inside sound-attenuated cubicles. A
5-cm wide metal wheel manipulandum was fixed to the front wall.
Brain stimulationwas administeredwith constant-current stimulators
(Model #PHM-152, Med Associates). Rats were connected to the
stimulation circuit through bipolar leads (Plastics One, Roanoke, VA)
attached to gold-contact swivel commutators (Plastics One). MED-PC
IV software was used to control stimulation parameters and for data
collection.

2.4.2. Stereotaxic surgery
Animals were anesthetized with i.m. ketamine (75 mg/kg) and

xylazine (7.5 mg/kg) and implanted with a bipolar stainless steel
electrode (Model MS303/2: Plastics One) in the medial forebrain
bundle at the level of the lateral hypothalamus [AP −0.5 and ML±
1.7 mm from bregma, DV−8.3 mm from dura with the incisor bar set
5 mm above the inter-aural line (Pellegrino et al., 1979)]. The side of
the brain in which the electrode was placed was alternated across
subjects. Animals were allowed to recover for at least one week prior
to ICSS training. During the first two days of recovery all animals
received injections of the antibiotic enrofloxacin, 1.1 mg i.m.
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2.4.3. Intracranial self-stimulation (ICSS) procedure
Rats were trained on a modified version of the Kornetsky and

Esposito (1979) discrete-trial current-threshold procedure as
described previously (see Markou and Koob, 1992). Each trial was
initiated with presentation of a non-contingent stimulus (0.1 ms
cathodal squarewave pulses at a frequency of 100 Hz for 500 ms)
followed by a 7.5-s window during which a positive response on the
wheel manipulandum produced a second, contingent stimulation
identical to the first. Lack of responding in the 7.5-s time window was
considered a negative response. Each positive or negative response
was followed by a variable inter-trial interval averaging 10 s
(range=7.5 to 12.5 s), during which time additional responses
delayed onset of the subsequent trial by 12.5 s. Stimulus intensities
were presented in four alternating descending and ascending series
(step size=5 μA), with five trials presented at each current intensity
step. The current threshold for each series was defined as the
midpoint between two consecutive current intensity steps that
yielded three or more positive responses and two consecutive current
intensity steps that yielded three or more negative responses. The
overall threshold for the approximately 45 min sessionwas defined as
the mean of the current thresholds from the four alternating series. To
assess performance effects (e.g., motor disruption), response latencies
(time between onset of the non-contingent stimulus and a positive
response) were averaged across all trials in which a positive response
was made (Markou and Koob, 1992).

2.4.4. Assessment of somatic signs
Rats were habituated to clear plastic circular chambers for 10 min

on each of 2 days prior towithdrawal testing. An experimentally blind,
trained observer recorded behavior for 10 min as described by Malin
et al. (1992). Behavioral categories included gasps/abdominal
writhes, teeth chatter/chews, shakes/tremors, ptosis, and other
miscellaneous less frequent signs (e.g., scratches, yawns). Multiple
successive counts of any sign required a distinct pause between signs.
If continuously present, ptosis was only counted once/minute and
teeth chattering only once every 15 s.

2.4.5. Protocol
Rats were implanted with intra-cranial electrodes and trained for

ICSS as described above for at least 15 sessions and until thresholds
were stable (i.e., no more than 10% variation over a 5-day period). A
chronic in-dwelling jugular cannula was then implanted for antibody
delivery as described previously (LeSage et al., 2002). At least 7 days
later, rats resumed ICSS threshold assessment, and after ICSS thresh-
olds again stabilized, osmotic minipumps (2ML4) were implanted to
deliver a continuous nicotine infusion of 3.2 mg/kg/day. This infusion
rate has been shown to reliably induce nicotine dependence as
measured using elevated ICSS thresholds and somatic signs following
pump removal (spontaneous withdrawal) or administration of a
nicotinic antagonist (precipitated withdrawal) (Epping-Jordan et al.,
1998). Rats continued to be tested for ICSS during nicotine exposure.
After 1–3 weeks of nicotine exposure, rats were assessed for
precipitated withdrawal. Duration of nicotine exposure depended on
stability of thresholds and was counter-balanced between experi-
mental groups, so that each group had the same average duration of
nicotine exposure prior to assessment of precipitated withdrawal.

During assessment of precipitated withdrawal, rats were exposed
to one of the following treatments: Control IgG 80 mg/kg i.v.+
mecamylamine 1.5 mg/kg s.c. (positive control, n=6); Control
IgG 80 mg/kg i.v.+saline s.c. (negative control, n=6); Nic311
80 mg/kg i.v.+saline s.c. (n=6); Nic311 240 mg/kg i.v.+saline s.c.
(n=4). Mecamylamine or saline was administered s.c. immediately
after antibody administration. It is well-established that this dose of
mecamylamine precipitates robust increases in ICSS thresholds and
somatic signs when administered to dependent rats while having no
effect on these measures in drug-naïve rats (Watkins et al., 2000;
Markou and Paterson, 2001; O'Dell et al., 2006; Bruijnzeel et al., 2007).
Therefore, the effects of Control IgG+mecamylamine in rats chroni-
cally infused with saline were not examined. Group size for rats
administered Nic311 240 mg/kg was 4 rather than 6 due to its limited
availability and expense.

ICSS thresholds were assessed 0.25, 3, 24, 48 and 72 h after
antibody administration. The s.c. nicotine infusion continued through-
out testing. Somatic signs were assessed following the first three ICSS
sessions (approximately 1, 4, and 25 h after infusion).

2.5. Statistical analyses

2.5.1. Effects of Nic311 on serum and brain nicotine concentrations
Mean serum and brain nicotine concentrations following admin-

istration of Nic311 (80 mg/kg) or Control IgG were analyzed by two-
factor ANOVA with time and treatment as factors, followed by
Bonferroni's post-test to compare groups at each time point. Mean
serum and brain nicotine concentrations and serum concentrations of
the nicotine metabolite cotinine at 60 min following administration of
Nic31130, 80, or 240 mg/kg or Control IgG were analyzed by one-way
ANOVA followed by Bonferroni's post-test to compare groups where
appropriate.

2.5.2. Withdrawal assessment
Baseline ICSS thresholds were defined as the mean thresholds of

the last 5 sessions during nicotine exposure prior to assessment of
withdrawal. ICSS thresholds prior to osmotic pump implantation
were compared to baseline as described above via t-test to confirm
that ICSS thresholds were not altered by nicotine and the defined
baseline was appropriate. Baseline thresholds were compared
between groups using a one-way ANOVA. To compare differences
between groups for the first 24 h after antibody treatment, ICSS
thresholds (expressed as % of baseline) were analyzed by repeated-
measures two-factor ANOVA with treatment and session as factors
followed by Bonferroni's post-test for between group comparisons at
each test session. ICSS thresholds across sessions for each groupwere
also compared to baseline using a one-way ANOVA followed by
Dunnett's post hoc tests. Further, since the pharmacokinetic data
indicated a more substantial reduction in brain nicotine concentra-
tions at 60 min compared to 15 min, it was possible that averaging
across the entire 45 min ICSS session would obscure drug effects. To
address this possibility, within-session thresholds of the first ICSS
session (15–60 min after drug administration) were assessed by t-
test to compare the mean threshold from the first two ascending and
descending current series (obtained approximately from 0 to 25 min
of the session) with the mean thresholds from the last two ascending
and descending current series (obtained approximately from 25–
45 min of the session) in each group. Response latencies (before and
up to 24 h after drug infusion) were also analyzed by two-factor
ANOVA to check for nonspecific effects. To assess differences in
somatic signs between groups, a repeated-measures two-factor
ANOVA was used with treatment and session as factors followed by
Bonferroni's post-test.

3. Results

3.1. Effects of Nic311 on serum and brain nicotine concentrations

3.1.1. Time course
There was a significant effect of treatment (F(1, 12)=182.2,

pb0.0001) and time (F(1, 12)=18.4, p=0.001) on serum nicotine
concentration and a significant interaction (F(1, 12)=17.4, p=0.001).
As shown in Fig. 1, Nic311 80 mg/kg significantly increased serum
concentrations at both 15 and 60 min following antibody infusion
(Fig.1, pb0.001). Therewas a significant effect of treatment (F(1,16)=
33.6, pb0.001) and time (F(1, 16)=12.94, pb0.001) on brain nicotine



Fig. 1. Serum and brain nicotine concentrations (mean±SD) 15 and 60 min after
infusion of Nic311 80 mg/kg. ⁎, ⁎⁎⁎; pb0.05, 0.001 compared to control at each time
point; (%) indicates brain nicotine levels as percent of control.

Fig. 2. Serum and brain nicotine concentrations (mean±SD) measured 60 min post-
antibody infusion. ⁎, pb0.05; ⁎⁎, pb0.01; ⁎⁎⁎, pb0.001 compared to Control; ###,
pb0.001 compared to all other groups; (%) indicates brain nicotine levels as percent
of control.

Table 1
Baseline thresholds and response latencies, and response latencies during the first 24 h
post-antibody infusion, for the four experimental groups.

Group Baseline
threshold
(µA)

Baseline
latency
(s)

Latency (s) after treatment

15 min 3 h 24 h

Control IgG+saline 121±14 3.4±0.2 3.4±0.1 3.5±0.2 3.5±0.2
Control IgG+mecamylamine 110±16 2.7±0.2 2.7±0.7 3.3±0.4 2.8±0.3
Nic311 80 mg/kg+saline 113±15 2.7±0.2 2.8±0.2 2.6±0.2 2.8±0.2
Nic311 240 mg/kg+saline 95±12 2.5±0.4 2.6±0.3 2.5±0.5 2.5±0.2
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concentrations, but no significant interaction. Nic311 80 mg/kg
significantly reduced brain nicotine levels compared to Control IgG
at 15 min (61% that of controls, pb0.05) and 1 h (17% that of controls,
pb0.001) post-infusion.

3.1.2. Dose response
There was a significant relationship between Nic311 dose and

serum nicotine concentrations 60 min post-infusion (F(3, 17)=63.6,
pb0.0001). As shown in Fig. 2, Nic311 30 and 80 mg/kg resulted in
significantly higher nicotine serum concentrations compared to
Control IgG (pb0.01), and Nic311 240 mg/kg resulted in significantly
higher nicotine serum concentrations than all other groups
(pb0.0001). Serum cotinine levels were not significantly different
among groups 60 min following antibody infusion (control 546±
159 ng/ml, Nic31130mg/kg 458±134 ng/ml, Nic31180mg/kg 451±
79 ng/ml, Nic311 240 mg/kg 749±301 ng/ml, p=0.12), confirming
that therewas no appreciable binding of cotinine to Nic311 in vivo that
could alter nicotine binding. There was a significant relationship
between Nic311 dose and brain nicotine concentrations (F(3, 20)=
15.0, pb0.0001). The Nic311 doses of 30, 80, and 240 mg/kg reduced
brain nicotine concentrations to 55%, 17%, and 8% of controls (pb0.05,
pb0.01, pb0.001, respectively).

3.1.3. Pharmacokinetic calculations
The estimated amount of nicotine in the body at the time

treatments were administered was 0.182 mg/kg=1.12 µmol/kg. The
molar doses of Nic311 were 0.4 µmol/kg (for the Nic311 30 mg/kg
dose), 1.07 µmol/kg (Nic311 80 mg/kg) and 3.20 µmol/kg (Nic311
240 mg/kg). The molar ratio of Nic311 to amount of nicotine in the
body were 0.34 (Nic311 30 mg/kg), 0.96 (Nic311 80 mg/kg) and 2.86
(Nic311 240 mg/kg). The total amount of nicotine in serum after
treatment was 0.001 mg/kg (Control), 0.033 mg/kg (Nic311 30 mg/
kg), 0.041 mg/kg (Nic311 80 mg/kg) and 0.159 mg/kg (Nic311
240 mg/kg). These amounts of nicotine in serum represented 0.6%,
18%, 23% and 87% of the total estimated amount of nicotine in the body
at the time of treatment for the 0 (control) 30, 80 and 240 mg/kg
Nic311 doses.
3.2. Withdrawal assessment

3.2.1. Baseline measures
Baseline thresholds during nicotine exposure did not differ from

thresholds during the last 5 sessions prior to nicotine pump
implantation, indicating that nicotine did not alter ICSS thresholds
(data not shown). Baseline thresholds prior to precipitated with-
drawal did not differ among groups (Table 1).

3.2.2. ICSS thresholds
Mecamylamine significantly increased ICSS thresholds whereas

Nic311 did not (Fig. 3, top). There was a significant overall effect of
treatment (F(3, 54)=4.97, p=0.011) on ICSS thresholds but no
significant effect of time and no significant interaction. ICSS thresholds
in rats administeredNic31180mg/kg+saline did not differ from those
administered Control IgG+saline at any time. Nic311 240 mg/kg+
saline resulted in a slight increase in ICSS thresholds (mean110%, range
109–112%) compared to baseline but this was not significantly different
from Control IgG+saline (p=0.3). Control IgG+mecamylamine
resulted in significantly higher ICSS thresholds compared to Control
IgG+saline or Nic311 80 mg/kg+saline (pb0.01) 15 min after
administration but did not differ from Nic311 240 mg/kg+saline at
any time. Drug and antibody administration did not alter response
latencies for up to 24 h post-infusion (Table 1).

Analysis of within-group data indicated that only Control IgG+
mecamylamine at 15 min after drug administration significantly



Fig. 3. (Top) ICSS thresholds (as percent of baseline, mean±SE) following adminis-
tration of either i.v. Control IgG or Nic311, and s.c. mecamylamine or saline. ⁎⁎, pb0.01
compared to saline and Nic311 80 mg/kg at 0.25 h; # pb0.05 compared to baseline.
(Bottom) Somatic withdrawal signs observed during the first 25 h post-antibody
infusion. ⁎⁎⁎, pb0.001 compared to Control IgG+saline and Nic311 80 mg/kg+saline.

109S.A. Roiko et al. / Pharmacology, Biochemistry and Behavior 93 (2009) 105–111
elevated thresholds compared to baseline (F(3, 20)=4.696, p=0.012).
Analysis of within-session data from the 15 min test showed stability of
ICSS thresholds within sessions: there were no differences between the
mean thresholds from the first two ascending and descending current
series (obtained from approximately 0 to 25 min of the session)
compared to the mean threshold of the last two ascending and
descending current series (obtained from approximately 25–45 min of
the session) for all groups. This indicates that any potential effects of
Nic311 on ICSS thresholds late in the session (i.e., when brain nicotine
levels were lowest, see Fig. 1) were not obscured by collapsing the data
across all four current series.

3.2.3. Somatic signs
Mecamylamine significantly increased somatic signs of withdrawal

compared to Nic311 80 mg/kg or Control IgG (Fig. 3, bottom). There
was a significant overall effect of treatment (F(3, 36)=4.12,
p=0.022) and time (F(2, 36)=4.89, p=0.013) on somatic with-
drawal signs, and a significant interaction (F(6, 36)=3.42, p=0.009).
Control IgG+mecamylamine significantly increased somatic with-
drawal signs 1 h after injection compared to Control IgG+saline or
Nic311 80 mg/kg+saline (pb0.001) but not compared to Nic311
240 mg/kg+saline. Somatic withdrawal signs 1 h after Nic311
240 mg/kg+saline were slightly elevated but were not significantly
different from Control IgG+saline or Nic31180mg/kg+saline. There
were no differences in somatic withdrawal signs among groups at the
remaining time points.

4. Discussion

Previous studies have shown that Nic311 reduces or slows nicotine
distribution into brain if administered prior to nicotine administration
(Keyler et al., 2005; Pentel et al., 2006). The current study found that
Nic311 also rapidly redistributed nicotine out of the brain when
administered during an ongoing nicotine infusion. The 80 mg/kg dose
of Nic311, which was approximately equimolar to the body burden of
nicotine, reduced the brain nicotine concentration by 83%, and the
240 mg/kg dose, a 3-fold molar excess, reduced the brain nicotine
concentration by 92% at 60 min post-antibody infusion. These large
reductions are consistent with previous studies of the effects of
passive immunization on brain concentrations of phencyclidine (PCP)
(Proksch et al., 2000), methamphetamine (Byrnes-Blake et al., 2003),
and desipramine (Pentel et al., 1987) at similar antibody:drug molar
ratios. The greater reduction of brain nicotine concentrations at
60 min compared to 15 min following the 80 mg/kg dose (see Fig. 1)
was unexpected since maximal effects have occurred sooner with
similar dosing of drug-specific antibodies for PCP (Proksch et al.,
2000). More detailed study with additional time points would be of
interest.

The corresponding serum nicotine concentrations were greatly
increased after Nic311 administration. These very high serum nicotine
levels are attributable to the high binding capacity of the administered
Nic311 and to sampling shortly after Nic311 dosing when a large
fraction of the administered antibody would have been present in
serum (Keyler et al., 2005). Comparably high serum nicotine
concentrations were reported previously when the same Nic311
dose was administered prior to nicotine dosing. The high serum
nicotine concentrations resulting from immunization are not toxic
because most of the nicotine in serum is bound to antibody and is not
pharmacologically active (Keyler et al., 2005). Nicotine serum levels
may have been lower at 60 min compared to 15 min post-antibody
infusion (see Fig. 1) due to the greater distribution of Nic311 from
serum at the later time point (see Roiko et al., 2008). This would
presumably result in the distribution of both antibody-bound and
unbound nicotine to other tissues.

This study is the first to evaluate the potential for passive
immunization to precipitate nicotine withdrawal, but vaccination
has been previously studied in this regard. Vaccination of nicotine-
dependent rats with a nicotine conjugate vaccine during continuous
nicotine infusion did not increase ICSS thresholds or somatic
withdrawal signs (Lindblom et al., 2005). In addition, a Phase I study
of a nicotine vaccine did not report any signs or symptoms of nicotine
withdrawal in smokers vaccinated against nicotine (Hatsukami et al.,
2005). This is most likely attributable to vaccination producing a very
gradual increase in serum NicAb concentration over weeks to months
so that any resulting changes in brain nicotine concentration also occur
gradually. Themuchmore rapid increase in serumNicAb concentration
produced by passive immunization would be expected to have a
greater potential for producing withdrawal.

In the current study the rapid and substantial redistribution of
nicotine out of brain produced by Nic311 did not precipitate nicotine
withdrawal whereas the nicotinic acetylcholine receptor (nAChR)
antagonist mecamylamine produced robust withdrawal as measured
by both brain reward thresholds and somatic signs. The Nic311 dose of
80 mg/kg was studied because it produces substantial effects on
nicotine pharmacokinetics and attenuates nicotine-induced locomo-
tor sensitization in rats (Roiko et al., 2008). Nic311 80 mg/kg also
produces serum NicAb concentrations comparable to those elicited by
vaccination of rats against nicotine and higher than those produced by
vaccination in clinical trials (Hatsukami et al., 2005). This Nic311 dose
is therefore in the range that might be considered for clinical use.
Nic311 80 mg/kg produced no measurable withdrawal, and 240 mg/
kg produced only a nonsignificant trend toward increases in ICSS
thresholds and somatic signs. It is possible that the small effect of the
highest dose would be significant if evaluated using larger groups, but
the magnitude of change in ICSS thresholds and somatic signs was
quite small compared to that of mecamylamine. These findings imply
that the therapeutically desirable effects of Nic311 in rats as modeled
by attenuation of locomotor sensitization (Roiko et al., 2008) occur at
Nic311 doses that do not precipitate withdrawal. Similarly, vaccination
against nicotine blocked the ICSS threshold-reducing (i.e., rewarding)
effects of an acute nicotine injection but did not precipitate with-
drawal in nicotine-dependent rats (Lindblom et al., 2005). These
findings suggest that either active or passive immunization against
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nicotine should effectively attenuate nicotine's acute effects in current
smokers without precipitating a withdrawal syndrome.

The rate and extent by which nicotine must be removed from the
brain to precipitate withdrawal is not well established. Previously, the
only means of initiating nicotine withdrawal in nicotine-dependent
animals was to abruptly discontinue chronic nicotine dosing or to
administer an nAChR antagonist. Only limited data are available on the
early time course of spontaneous nicotine withdrawal following
termination of a nicotine infusion. One study reported that the
removal of a nicotine osmotic minipump resulted in the onset of
withdrawal in rats 2.5–4 h and peak withdrawal severity at 6–8 h, as
measured by ICSS and somatic signs (Epping-Jordan et al., 1998).
Although serum and brain nicotine concentrations were notmeasured
in this study, the elimination half-life for nicotine in serum or brain in
rats is ~1 h (Ghosheh et al., 1999; Keyler et al., 2005). As an
approximation, this suggests that withdrawal after nicotine pump
removal was first detected when 82–94% of nicotine had been
eliminated (2.5–4 nicotine half-lives), and peak severity occurred
when N99% had been eliminated. Similarly, in humans the onset of
tobacco withdrawal has been reported 3–6 h after cessation of
smoking (an estimated 1.5–3 nicotine elimination half-lives in
humans) and peak withdrawal at 10–12 h (5–6 half-lives) (Hendricks
et al., 2006; Parrott et al., 1996). Based on these estimates, it is quite
surprising that the rapid removal of 83±7% or 92±8% of nicotine
from brain after the 80 or 240 mg/kg doses of Nic311, respectively, did
not precipitate nicotine withdrawal.

The reasons for this unexpected absence of withdrawal after
Nic311 treatment are unclear. Only one nicotine infusion rate was
studied to induce dependence, but this nicotine infusion rate is used
widely by others and results in robust withdrawal in a variety of
strains of rats when terminated (Epping-Jordan et al., 1998; Malin
et al., 1992). It is possible that the development of withdrawal requires
a delay between the offset of nicotine signaling and the manifesta-
tion of behavioral signs. However, consistent with previous reports
(Bruijnzeel et al., 2007; Watkins et al., 2000), the administration
of mecamylamine produced robust withdrawal within 15 min of its
administration. It is possible that Nic311 primarily removed nicotine
from brain that was not specifically bound to nAChRs, resulting in
higher nAChR occupancy than predicted from whole brain levels.
Human imaging studies suggest that occupancy of nAChRs can be
substantial even under conditions in which total brain levels are very
low (Brody et al., 2006, 2008). For example, Brody et al. (2006)
reported that only three cigarette puffs produced 75% occupancy of
α4ß2⁎ nAChRs, a high affinity nAChR subtype implicated in with-
drawal (Epping-Jordan et al., 1998; Rahman et al., 2008; Patterson
et al., 2008). In the current study, the nicotine remaining in brain after
Nic311 administration could have produced sufficient occupancy of
α4ß2⁎ or other nAChRs to prevent the expression of withdrawal. This
would be consistent with high affinity brain nAChRs having a Kd for
nicotine of ~2 nM (b1 ng/ml) (Lippiello and Fernandes, 1986).

Another potential contributor to the lack of withdrawal is that the
nicotine infusion continued after Nic311 was administered to simulate
continued smoking. Pretreatment with Nic311 decreases the early
distribution of nicotine to brain but not its chronic accumulation
(Pentel et al., 2006). Although not measured in the current study,
brain nicotine levels may have increased after the 60 min measure-
ment and mitigated the subsequent manifestation of withdrawal.

A limitation of this study is that it did not include a positive control
group assessed for spontaneous withdrawal. Antagonist-precipitated
withdrawal was used because it involves an abrupt reduction of
nicotine signaling that may better simulatewithdrawal induced by the
rapid redistribution of nicotine from brain. In addition, it is difficult to
predict the precise time point during spontaneous withdrawal that
would be associated with reductions in brain nicotine levels similar to
those produced by Nic311. Addressing this issue would require a
systematic comparison of concurrent changes in ICSS thresholds and
brain nicotine levels at numerous time points following cessation of a
nicotine infusion or passive immunization, which was beyond the
scope of this initial study.

One potential use for passive immunization is in combinationwith
vaccination, to supplement vaccination and ensure that desired
antibody levels are achieved, or to provide a more rapid onset of
effect. In support of this possibility, combining vaccination with
passive immunization results in lower brain nicotine levels in rats and
a greater attenuation of nicotine-induced locomotor sensitization
than either treatment alone (Roiko et al., 2008). If passive immuniza-
tion is used concurrently with vaccination, monoclonal antibody
might be administered to patients who are still smoking. This study
suggests that the precipitation of withdrawal by passive immuniza-
tion under these circumstances is unlikely.
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