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Rapid tolerance develops to many of nicotine’s behavioral and autonomic effects. A better understanding of the spatiotemporal patterns

in neuronal activity as a consequence of acute nicotine tolerance (tachyphylaxis) may help explain its commonly found inverted

‘U’-shaped biphasic dose–effect relationship on various behaviors. To this end, we employed high-resolution functional magnetic

resonance imaging and relative cerebral blood volume (rCBV) as a marker of neuronal activity, to characterize the regional development

of acute tolerance as a function of nicotine dose in naı̈ve, anesthetized rats. A single intravenous nicotine injection at 0.1 and 0.3, but not

0.03 mg/kg, significantly increased neuronal activity in many neocortical areas. In contrast, dose-dependent increases in rCBV were most

pronounced in limbic regions, such that responses seen at 0.1 mg/kg nicotine in accumbens, hippocampus, amygdala, and several other

limbic areas were not seen following 0.3 mg/kg nicotine. Finally, whereas profound tolerance was observed in many cortical regions after

the second of two paired nicotine injections at either 0.1 or 0.3 mg/kg, subcortical limbic structures showed only a weak trend for

tolerance. Lack of rCBV changes in animals receiving nicotine methiodide, a quaternary nicotine analog that does not cross the blood–

brain barrier, supports a direct neuronal effect of nicotine rather than an action on the vasculature. These data provide pharmacodynamic

insight into the regional heterogeneity of nicotine tachyphylaxis development, which may be relevant to behavioral and neurobiological

mechanisms associated with repeated tobacco consumption.
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INTRODUCTION

Nicotine is the primary chemical constituent in tobacco
responsible for its addictive properties. Both acute (tachy-
phylaxis) and chronic tolerance to nicotine are implicated
in mechanisms of tobacco dependence (Perkins et al, 1993,
2002; Pomerleau et al, 1993). To the extent that dysfunc-
tional nicotinic cholinergic transmission is involved in
various neuropsychiatric diseases (Dani and Bertrand, 2007;
Newhouse et al, 1997; Perry et al, 2000), understanding
the neurobiological mechanisms underlying tolerance to
nicotinic acetylcholine receptor (nAChR) activation seems
essential for the development of therapeutic strategies to
treat these pathological conditions (eg, Maelicke and

Albuquerque, 1996), the central sites of which are still
poorly understood.

Nicotinic ligand-gated ion channels in mammalian brain
are pentameric structures consisting of diverse subunits,
a2–a6 and b2–b4 for ab heteromeric types and a7 for
homomers. The assembled subunit stoichiometry dictates
varied receptor functional properties such as ion perme-
ability, receptor–ligand binding affinity, desensitization,
and upregulation. At a systems level, the differential
expressions of nAChR subtypes on diverse neuronal
populations and locations are hypothesized to contribute
to their regional- and circuit-specific roles in modulating
synaptic transmission (Albuquerque et al, 2009; Dani
and Bertrand, 2007). As nicotine has a distinct binding
affinity for specific receptor subtypes, each of which is
also characterized by its own desensitization rate, nAChRs
are sensitive to varied nicotine concentrations over finite
intervals, which likely contribute to its dose-dependent
effects on motivated behaviors (eg, Corrigall and Coen,
1989; Le Foll and Goldberg, 2005; Le Foll et al, 2007) and
cognition (Levin et al, 1998, 2006; Levin and Chen, 2004).
Furthermore, nicotine dose is known to affect desensitiza-
tion rates of nAChRs (Dani et al, 2000; Ochoa et al, 1989,Received 24 March 2011; revised 16 June 2011; accepted 18 June 2011
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1990). Critically, for this study, not only are nicotine’s behav-
ioral and cognitive effects dose-dependent, but tolerance
is also differentially expressed across these measures. For
example, robust acute tolerance develops to many aversive
drug effects (eg, head rush and jitteriness), whereas little
or weak tolerance is seen to stimulating (eg, vigor and
arousal), attention-enhancing, and pleasant behavioral prop-
erties (eg, calmness and happiness) of nicotine in human
smokers (Perkins et al, 1994; Warburton and Mancuso, 1998).
Understanding nicotine-induced regional and circuit-specific
tolerance properties could provide mechanistic explanations
for the differential development of tolerance across behavioral
domains.

The application of functional magnetic resonance
imaging (fMRI) techniques to neuropharmacology, termed
pharmacological MRI (phMRI), has been used to image
dynamic drug-induced changes throughout the brain.
phMRI typically employs the traditional BOLD (blood
oxygen level-dependent) signal or, more recently, cerebral
blood volume (CBV) or cerebral blood flow (CBF) signals,
all of which reflect neuronal activity (Logothetis et al,
2001; Sheth et al, 2003; Smith et al, 2002). With these
hemodynamic methods, it is possible to visualize or ‘map’
temporal and spatial changes elicited by nicotine simulta-
neously in multiple brain regions within a single study or
longitudinally with different experimental designs (Leslie
and James, 2000; Martin and Sibson, 2008; Stein et al, 1998).

In this study, we employed CBV-weighted phMRI to
identify those regions and neuronal systems that exhibit
acute tolerance to repeated nicotine administration. CBV
phMRI was selected because its sensitivity is superior to
that of the BOLD technique (Lu et al, 2004; Sheth et al,
2003). We employed paired nicotine injections at various
doses to characterize the spatiotemporal profiles of rapid
tolerance development in drug-naı̈ve, anesthetized rodents.
Our data demonstrate that nicotine tachyphylaxis develops
differentially and dose-dependently in cortical vs subcor-
tical limbic regions.

MATERIALS AND METHODS

Animal Preparation and Physiological Measurements

A total of 30 male Sprague–Dawley rats (Charles River,
Wilmington, MA) weighing 300–380 g were surgically
prepared and imaged using procedures approved by the
Animal Care and Use Committee of the National Institute
on Drug Abuse Intramural Research Program. Animals
were pair-housed under a 12-h light/dark cycle (0600 hours
lights on) with ad libitum access to food and water.

On test days, rats were anesthetized with 2% isoflurane in
a 1 : 1 mixture of O2 : air and glycopyrrolate (0.5 mg/kg,
subcutaneously); a peripherally acting quaternary musca-
rinic antagonist was administered to prevent airway
blockade by minimizing secretory activity. Both femoral
veins and one femoral artery were catheterized with PE-50
tubing for drug delivery and monitoring arterial blood gases
and blood pressure, respectively. The wound area and
incision were infiltrated with the long-lasting local anes-
thetic Marcaine and closed.

Animals were intubated and transferred to a customized
animal holder with their heads secured with a mouth clamp

and ear bars, placed on artificial ventilation, and positioned
within the center of the magnet for imaging. The pe-
ripherally acting quaternary neuromuscular blocker
pancuronium bromide was administered (loading dose,
2.0 mg/kg followed by continuous intravenous infusion at
2.0 mg/kg/h) to minimize motion artifacts. Core body
temperature was maintained at 37 1C with a circulating water
heating pad throughout all procedures. End tidal CO2 and O2,
heart rate, blood pressure, and temperature were monitored
continuously. Arterial blood gases were assessed intermit-
tently and maintained within normal physiological limits
(pCO2, 35–45 (mean 39.5) mm Hg; pO2, 4110 mm Hg).
Throughout fMRI data acquisition, a stable anesthetic level
was maintained with 1.7–1.8% isoflurane mixed with air
containing 30% oxygen.

phMRI Paradigm

Animals were assigned to one of five groups (n¼ 6 per
group). Group 1 (Sal) received two saline injections. Groups
2–4 received, respectively, two consecutive injections of
0.03, 0.10, or 0.30 mg/kg intravenous nicotine hydrogen
tartrate (Sigma-Aldrich, St Louis, MO; pH titrated to 7.4
with NaOH, doses expressed as free base). Doses were
selected from literature values reflecting a low and effective
self-administered dose (0.03 mg/kg; eg, Corrigall and Coen,
1991) to moderate and higher doses associated with various
dose-dependent behavioral effects (Matta et al, 2007). A
fifth group was injected twice with a dose of the quaternary
nicotine analog nicotine pyrrolidine methiodide (hereafter
referred to as nicotine methiodide) equal to 0.30 mg/kg
nicotine free base in molar concentration (1.85 mM). As
nicotine methiodide possesses the pharmacological proper-
ties of nicotine, but does not pass the blood–brain barrier
(Aceto et al, 1983), it allowed us to disambiguate true
CNS relative CBV (rCBV) responses from those that might
result from activation of peripheral nAChRs that alter auto-
nomic responses (eg, increases in heart rate, blood pressure,
respiration), which could independently and nonspecifically
alter rCBV. Nicotine methiodide was synthesized in our lab
(see Supplementary Materials). Experiments adhered to a
1-h timeline in which a 10-min baseline preceded the first
injection, and a second, identical injection was administered
25 min later, followed by a final 25 min observation period.
Drug or saline challenges were injected using an infusion
pump in an identical manner: 1.0 ml/kg over 30 s.

fMRI Scanning Procedures

MRI data were acquired using a Bruker Biospin 9.4T
scanner (Bruker Medizintechnik, Karlsruhe, Germany).
A birdcage coil was used for RF excitation and a surface
coil for signal reception. The anterior commissure
(�0.36 mm from bregma, coronal view) was used as the
landmark for slice localization. Following animal prepara-
tion (45 min), high-resolution T2-weighted structural
images were obtained over 4 min using a rapid acquisition
with relaxation enhancement (RARE) sequence (echo time
(TE) 12.5 ms, repetition time (TR) 2520 ms, RARE factor 8,
field of view (FOV)¼ 3.5� 3.5 cm2, 23 slices of 1.0 mm
thickness) and were subsequently used for functional image
registration. This procedure was followed by a 5-min MRI
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scan (Lu et al, 2008) during which MION (Ferumoxtran-10,
20 mg/kg intravenous injection time –1 min) was given after
a 2-min baseline period. For this scan, a conventional
gradient echo (GE) sequence was used with the following
parameters: FOV¼ 3.5� 3.5 cm2, matrix size 96� 96, 13
slices of 1.0 mm thickness, TR/TE¼ 313/5.4 ms. After
10 min, a second 5-min MION (5 mg/kg intravenous) scan/
administration was acquired to optimize the rCBV-weighted
signal (Lu et al, 2007). The next scan consisted of the phMRI
component. To achieve whole brain spatial coverage with
minimal geometric distortions and signal drop out, we
employed a GE sequence to collect 120 volumes of imaging
data with parameters identical to those used in the MION
injection scan. This sequence facilitated group level data
analysis, but at the cost of relatively low temporal resolution
(30 s per volume). However, even with this limited temporal
resolution, we were able to analyze kinetic parameters of
drug activation responses, as their time courses were
sufficiently long (approximately 5 min). Blood gas samples
were acquired before and after the scan sequence.

MRI Data Analysis

MRI data processing and analyses were performed using
AFNI (Cox, 1996) supplemented by MATLAB (MathWorks,
Natick, MA). Structural images from a randomly chosen
animal served as a template, and images from all other rats
were co-registered to this common space using a method
developed by Lu et al (2010). Briefly, fiducial tags were
placed on 10 distinct anatomical landmarks in high-
resolution structural images and an alignment routine in
AFNI was executed to co-register all structural images.
A transformation matrix generated for the co-registration of
structural brain images from an individual animal was also
applied to align functional images from the same animal.
Fine adjustments were made manually as necessary.

Relative CBV changes in each voxel during the 1-h phMRI
experiments were calculated based on pre- and post-MION
baseline signal intensities (Mandeville et al, 1998),

rCBVðtÞ ¼ log ðSrawðtÞ=SpostÞ= log ðSpost=SpreÞ ð1Þ

where Spre and Spost are pre-MION and post-MION baseline
signal intensity, and Sraw is raw signal at time t of the 1-h
scan.

The rCBV images were then smoothed using a three-
dimensional Gaussian kernel with full-width half-maximum
of 0.4 mm. Because each of the two rCBV time-course
responses produced by the paired drug or saline challenges
returned to baseline within 15 min, the original 1-h time
course was divided into two segments, each corresponding
to one injection. This division improved the removal of
linear and quadratic trend noise during nonlinear fitting
of the rCBV time courses compared with fitting the two
drug-induced responses simultaneously. The rCBV time
courses in individual voxels were fitted with a difference of
two exponential function curves to represent the following
pharmacokinetic profile of drug action:

yðtÞ ¼ kðe�a1ðt�t0Þ � e�a2ðt�t0ÞÞ t � t0 ð2Þ
where t0 is the response starting point, k is the multi-
plicative coefficient, a1 is the elimination rate, and a2 is the

absorption rate. The initial values used to fit parameters t0,
k, a1, and a2 were: 0–1 min after drug/saline administration,
�40 to 40, 0–0.5, and 0.51–10.0, respectively, and were esti-
mated after visual inspection of voxel time courses across
all animals. The optimum solution was found using the
program DiffExp in AFNI (Cox, 1996). This program started
with a random search of 100 parameter vectors followed
by nonlinear optimizations using the simplex algorithm so
that the final solution of Equation (2) was a least-square
estimation of the original time course. Half-times for the
ascending and descending components of the rCBV time
course were calculated by identifying the maximum
response values, followed by numerical calculation of the
times to reach half-maximum of the rising and trailing
phases, respectively.

Statistical Analysis

Peak amplitude of the rCBV response was the primary
index of drug-induced brain activation. A 4 (DOSE)� 2
(INJECTION) ANOVA tested for dose- and injection-
dependent effects of nicotine. A similar voxel-based 2
(DOSE)� 2 (INJECTION) ANOVA was used to examine
differences between the nicotine methiodide and saline
groups. Post hoc analyses were conducted to identify
significant differences among groups and/or consecutive
injections as indicated by ANOVA. Significance threshold
for all analyses was set at pcorrected o0.005, with a minimum
cluster size of 14 voxels as determined using Monte Carlo
simulation calculated with the AlphaSim module of AFNI.

In all, 24 atlas-defined anatomical ROIs (Paxinos and
Watson, 2005) were co-registered to high-resolution anato-
mical MR images (Lu et al, 2010) to cover most major cortical
and subcortical regions (Figure 1), and used as masks to
extract regional activation. For each subject, a single rCBV
peak amplitude was calculated within each ROI by averaging
the signals from voxels comprising the overlapped anato-
mical and functional ROIs and subjected to ANOVA. For
subsequent group comparisons, significance level was set
at po0.05 after Bonferroni correction. To further characterize
temporal patterns of brain activation, voxel-wise 4 (DOSE)�
2 (INJECTION) ANOVAs and post hoc analyses were
conducted for latency to peak effect and half-time for the
ascending and descending phases of the rCBV time courses.

Mean arterial blood pressure (MAP) recorded during
the 1-h phMRI experiment was normalized to the average
of the 10-min baseline period for each experiment. MAP
peak responses for treatment groups were subjected to
a 5 (GROUP; now including nicotine methiodide)� 2
(INJECTION) ANOVA with follow-up group comparisons
similar to the rCBV data.

RESULTS

There were significant main effects of DOSE and
INJECTION and a DOSE� INJECTION interaction on rCBV
peak amplitude (Figures 2a–c). Subsequent post hoc t-tests
revealed a mostly inverted U-shaped dose–response effect
(Figures 3a–c and 4). Notably, while there was no difference
between the saline and the low-dose 0.03 mg/kg nicotine
groups (Figure 3a), maximal neuronal effects were seen
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following the middle 0.1 mg/kg nicotine (Figure 3b). The
biphasic pattern is most apparent from the statistical differ-
ence map between the high, 0.3, and middle, 0.1 mg/kg
doses (Figure 3c). Unique characteristics of the dynamic

nature of the DOSE� INJECTION interaction become
apparent when examining the effects of each injection
separately as discussed below.

Dose-Dependent and Region-Specific Effects of the First
Nicotine Injection

Significant dose-dependent activation was seen in 20 of the
24 a priori anatomical ROIs. The four remaining unaffected
ROIs, entorhinal cortex, periaqueductal gray, substantia
nigra, and VTA, were excluded from further analysis. The
0.03 mg/kg nicotine dose, like saline, produced negligible
changes in rCBV. However, at 0.1 and 0.3 mg/kg, nicotine
significantly increased rCBV in primary sensory and motor
cortices and limbic cortical areas such as mPFC, orbital,
cingulate, and retrosplenial dysgranular and granular
cortices (RSDG) (Table 1 and Figures 4a and c), with the
greatest activation magnitude in these regions most often
seen after the middle dose. Subcortical areas (Table 1)
including caudate–putamen, thalamus (Figures 4a and c),
and brain stem structures showed a pattern similar to
cortical regions, although the highest dose of nicotine
elicited smaller response increases.

In contrast to the above spatiotemporal pattern, rCBV
responses in subcortical limbic areas, including the septum,
hippocampus, amygdala, nucleus accumbens (NAc),
olfactory bulb, and hypothalamus, revealed profound
dose-dependent and region-specific responses to nicotine
(Table 1). In these subcortical areas, 0.1 mg/kg nicotine
tended to induce smaller rCBV increases than in the
majority of activated cortical regions. More strikingly, and
in contrast to the rCBV increases produced by 0.1 mg/kg
nicotine in limbic regions, 0.3 mg/kg nicotine induced little
change in such limbic regions as NAc, hippocampus
(Figure 4a), and amygdala (Table 1 and Figures 4a and c).
Therefore, nicotine induced a robust inverted U-shaped
dose-dependent activation effect within most subcortical
limbic, but not cortical, regions.

Pharmacokinetic Parameters

There was a significant main effect of DOSE for both latency
to peak effect and time to half-maximum of the ascending

Figure 2 Summary of voxel-based analysis of variance (ANOVA)
results. Peak relative cerebral blood volume (rCBV) responses to the
nicotine and saline injections in each voxel were evaluated with 4
(DOSE)� 2 (INJECTION) factor ANOVAs. Activated voxels were thresh-
olded for each factor and the interaction effect at pcorrected o0.005. (a) The
DOSE main effect of nicotine (0 (saline), 0.03, 0.10, and 0.30 mg/kg)
demonstrated widespread brain activation. (b) The INJECTION main
effect, which indicates the development of tolerance, is illustrated for the
two consecutive injections spaced 25 min apart for either saline or the
three doses of nicotine. (c) Significant DOSE� INJECTION interactions
were regionally restricted.

Figure 1 Definition of anatomical region of interest (ROI) placements, superimposed on coronal slices through the rat neuraxis (Paxinos and Watson,
2005). A digital rat brain atlas superimposed onto corresponding structural images guided ROI drawing. (1) Motor cortex; (2) medial prefrontal cortex
(mPFC); (3) orbital cortex; (4) olfactory bulb (including olfactory tubercle and piriform cortex); (5) insula; (6) somatosensory cortex; (7) nucleus accumbens;
(8) cingulate cortex; (9) caudate and putamen; (10) septum; (11) thalamus; (12) retrosplenial dysgranular and granular cortices (RSDG); (13) hypothalamus;
(14) amygdala; (15) parietal cortex; (16) hippocampus; (17) auditory cortex; (18) visual cortex; (19) brain stem; (20) periaqueductal gray; (21) ventral
tegmental area (VTA); (22) substantia nigra; (23) perirhinal cortex; and (24) entorhinal cortex. Numbers below images indicate slice locations (mm) relative
to bregma. Functionally activated ROIs within these anatomically defined ROIs were based on whole brain, voxel-based analyses.
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rCBV response, but no INJECTION or DOSE� INJECTION
interaction. In contrast, there were no significant differ-
ences when considering half-time of the descending phase
of the rCBV time courses. Further, post hoc analyses of the
peak latency and ascending half-times revealed fairly
homogeneous spatial results (Supplementary Tables S1
and S2), with the latency to peak effect consistently,
although not universally, longest for 0.1 mg/kg nicotine in
all ROIs showing a nicotine DOSE effect (Supplementary
Table S1). This pattern was most pronounced in subcortical
limbic areas, including septum, hippocampus, and hypo-
thalamus (Supplementary Table S1). Similarly, ascending
half-times were consistently greater for the 0.1 mg/kg dose
in contrast to those for the other DOSE groups (Supple-
mentary Table S2). Taken together, these data suggest that
the intermediate, 0.10 mg/kg dose was associated with the
longest response time to reach peak efficacy.

Acute Tolerance to Nicotine is Dose-Dependent and
Region-Specific

Repeated nicotine administration induced profound tachy-
phylaxis development. Figures 4b and c and Table 2 depict
the time courses and biphasic nature of the peak effects as
well as the tolerance profiles associated with the repeated
nicotine injections. Significant main effects of INJECTION
(ie, tolerance) were seen in primary sensory/motor cortices,
limbic-related cortical areas, and subcortical regions such as
caudate–putamen and thalamus. Among subcortical limbic
structures for which we observed dose-dependent nicotine
effects (Table 1), only the hippocampus exhibited modest
tolerance (Table 2). Post hoc analysis revealed that
tachyphylaxis was most pronounced following the second
0.30 mg/kg dose (ie, 14/14 regions showed significant differ-
ences at 0.30 mg/kg and 7/14 regions in the 0.10 mg/kg
group; Table 2). Indeed, tachyphylaxis seen at the high
nicotine dose was so profound that the rCBV response after
the second injection approached the nominal changes
observed with saline and 0.03 mg/kg nicotine. In contrast,
attenuated responses to the second 0.10 mg/kg nicotine
injection relative to the first were seen in motor and parietal
cortices and several limbic-related cortical areas, whereas
nonsignificant trends were seen in the sensory cortices,
perirhinal cortex, caudate–putamen, and thalamus (Table 2
and Figure 4).

Table 3 and Figure 2c summarize the significant DOSE�
INJECTION interactions. Post hoc analyses demonstrated
marked rCBV reductions between the first and second
nicotine injections at the 0.1 and 0.3 mg/kg doses within
somatosensory, insula and motor cortices, and limbic
cortices, including orbital, cingulate, RSDG, olfactory areas,
and the thalamus. In contrast, data presented in Table 2
and Figure 4 suggest little or no tolerance development
in the high-dose nicotine group within the septum,
amygdala, NAc, and hypothalamus, and smaller, although
still significant tolerance in the hippocampus (Table 2).
There were few signs of tolerance development associated
with the middle nicotine dose in these subcortical limbic
regions (Tables 1 and 2), nor was tolerance seen in the brain
stem (Table 2). Thus, both the main effects of INJECTION
and the DOSE� INJECTION interactions for peak rCBV
amplitudes revealed rapid, acute tolerance development for
both 0.10 and 0.30 mg/kg doses in many cortical regions,
with weaker effects seen in subcortical limbic structures.

Differentiating the Peripheral and Central Effects of
Nicotine Using Nicotine Methiodide

As the characteristic vasopressor response of nicotine may
potentially contribute to and confound the CBV measure-
ments, we administered a unique quaternary nicotine
analog in a separate group of animals. ANOVA of the
peak MAP increases expressed as a percentage of baseline
demonstrated a significant GROUP effect (po0.001), but
no INJECTION or GROUP� INJECTION interaction. Owing
to the lack of tolerance on MAP (ie, a nonsignificant
INJECTION factor), post hoc group comparisons were
performed on the average peak MAP change for each pair
of injections. Critically, there was no difference in peak
MAP response for equimolar concentrations of nicotine

Figure 3 Difference maps for the post hoc t-tests for the DOSE main
effect showing the dose-dependent effects of nicotine (NIC) on relative
cerebral blood volume (rCBV) peak amplitude. Voxels in each of these
t-maps were thresholded for group comparisons at pcorrected o0.005.
(a) The lowest dose of nicotine tested was without effect and thus was
functionally equivalent to saline. (b) Effects of 0.10 mg/kg NIC compared
with 0.03 mg/kg NIC were widespread and represent the apogee of
the inverted U-shaped dose–effect curve. (c) The blue colors in this
contrast map indicate decreases in activation between the high and
middle NIC doses, suggesting a less efficacious action as dose increased,
comprising the right (falling) side of an inverted U-shaped dose–response
relationship.
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Figure 4 Relative cerebral blood volume (rCBV) time courses and peak responses in selected brain regions demonstrating acute nicotine tolerance
development as a function of DOSE and INJECTION. Injections were spaced 25 min apart. Signal intensity values, expressed as a percent change of the
preinjection baseline for each group, were averaged across activated voxels in each region of interest (ROI) as identified by analysis of variance (ANOVA).
Columns (a) and (b) show the time courses for the first and second injections, respectively. Column (c) bar graphs present the mean peak amplitudes±SEM
of the respective fitted time courses for injections shown in columns (a) and (b). (w) Signifies a difference from the saline condition (po0.05 after Bonferroni
correction). All injections occurred at time 0, shown by black arrow in columns (a) and (b).
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Table 1 Dose–Response Effects of Nicotine on rCBV

Area (number of voxels)
Group

Group differences

1 2 3 4

Saline 0.03mg/kg 0.10mg/kg 0.30mg/kg

Primary cortex

Auditory �1.73±1.08a �0.01±1.26 14.68±1.41 13.03±1.90 341, 2; 441, 2

(204) �2.17±1.01b �1.90±1.33 7.26±3.44 1.40±3.07

Visual �1.60±1.00 �0.25±1.09 14.48±1.53 12.03±1.79 341, 2; 441, 2

(135) �1.57±1.21 �1.77±1.00 7.30±3.22 2.15±3.12

Somatosensory �1.67±0.86 0.42±1.04 13.14±1.16 12.63±1.24 341, 2; 441, 2

(1379) �1.56±1.03 �1.39±0.87 6.30±2.78 1.16±2.68

Insula �1.81±0.93 0.49±1.24 16.85±1.71 14.44±1.34 341, 2; 441, 2

(350) �1.47±0.97 �1.38±0.93 8.14±3.87 0.77±3.06

Motor �1.45±1.01 0.53±0.98 15.06±1.79 10.73±1.09 341, 2; 441, 2

(560) �0.21±0.99 �0.89±0.65 7.21±2.99 0.11±2.71

Parietal �1.55±1.05 �0.24±1.02 14.13±1.48 11.60±1.61 341, 2; 441, 2

(151) �1.55±1.09 �1.69±0.90 6.94±2.99 1.72±2.96

Limbic cortex

mPFC �1.52±0.60 0.44±1.51 17.20±2.15 10.91±1.48 341, 2; 441, 2

(104) �1.52±0.98 �0.85±0.97 9.30±3.81 0.36±2.69 341, 2

Orbital �2.04±0.65 �0.42±1.16 13.11±1.06 7.32±1.65 341, 2, 4; 441, 2

(178) �0.05±0.92 �1.23±0.63 5.77±2.46 �1.07±2.81

Cingulate �1.07±0.76 0.82±1.06 19.31±2.71 17.85±1.88 341, 2; 441, 2

(125) �1.75±1.17 �0.67±0.87 9.60±3.86 1.68±3.03 341

RSDG �1.80±0.62 0.25±0.67 14.54±2.28 14.75±2.00 341, 2; 441, 2

(135) �1.36±1.04 �1.37±0.51 7.57±3.30 1.54±2.88

Perirhinal �3.24±1.31 �1.25±1.22 14.14±2.63 11.03±1.46 341, 2; 441, 2

(59) �2.46±0.92 �1.64±1.54 7.55±4.24 0.91±3.00

Olfactory bulb �2.24±0.89 �3.64±1.23 9.85±1.13 �0.44±0.96 341, 2, 4

(157) �0.04±0.74 �1.79±0.30 4.51±1.89 �3.15±1.40 342, 4

Subcortical limbic system

Septum �2.10±0.43 �1.90±1.04 8.25±1.48 �2.61±1.75 341, 2, 4

(222) �0.08±0.96 �2.02±0.39 5.12±2.28 �3.05±1.44 342, 4

Hippocampus �2.92±0.30 �1.97±0.56 4.23±1.13 �6.31±2.17 341, 2, 4

(356) �1.26±1.03 �1.69±0.40 2.38±1.58 �5.16±1.13

Amygdala �3.70±0.97 �0.56±1.39 12.67±2.54 �0.57±1.64 341, 2, 4

(32) �0.79±1.39 �2.29±0.83 8.76±3.90 �4.64±1.99 342, 4

Accumbens �1.62±0.77 �1.32±1.65 12.23±1.80 2.06±1.47 341, 2, 4

(105) �0.67±1.18 �0.97±0.58 6.87±3.20 �1.78±2.20 344

Hypothalamus �2.80±0.47 �1.72±1.02 3.78±1.22 �1.09±1.10 341, 2, 4

(134) �1.24±1.25 �1.86±0.59 4.36±2.03 �3.02±0.89 341, 2, 4

Caudate�putamen �1.29±0.66 0.01±1.36 10.56±1.12 4.92±0.93 341, 2, 4; 441, 2

(638) �2.05±1.22 �1.61±1.07 5.31±3.53 �0.74±1.76

Thalamus �1.65±0.45 �0.15±0.73 9.17±1.31 8.03±0.95 341, 2; 441, 2

(722) �1.34±1.11 �1.21±0.61 5.63±2.55 2.19±1.90

Brain stem �0.88±1.04 �1.00±0.68 6.16±1.12 3.64±0.86 341, 2; 441, 2

(71) �0.93±1.06 �1.74±0.39 5.51±2.26 1.20±1.48 341, 2

Abbreviations: mPFC, medial prefrontal cortex; RSDG, retrosplenial dysgranular and granular cortices.
Values represent percent rCBV changes relative to the baseline for each of the two injections. The upper and lower values represent the 1st and 2nd injections as
shown by the exemplary superscripts a and b, respectively. Significant group differences were thresholded at po0.05 after Bonferroni correction. Values represent the
mean±SEM for each treatment group (n¼ 6 per group).
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methiodide and nicotine (p40.5) (Figure 5b). However,
inspection of respective areas under the curves suggested
apparent differences in their temporal profiles (Figure 5a).
It is important to note that a log–linear regression ANOVA
of the peak MAP effects revealed a linear dose–response
curve for nicotine (p¼ 0.005) (Figure 5b).

A whole-brain, voxel-wise group analysis using a
2 (DOSE: nicotine methiodide vs saline)� 2 (INJECTION)

ANOVA indicated no significant rCBV alterations at
pcorrectedo0.005 (Figure 5c). By comparison, there were
large group differences between the saline and nicotine
groups as described above. The prominent absence of rCBV
changes in the face of a significant vasopressor response to
nicotine methiodide supports the interpretation of a direct,
central nicotinic-mediated action. In addition, the sepa-
ration of central and peripheral effects of nicotine is

Table 2 Regions Developing Nicotine Tachyphylaxis

Area (number of voxels)
Group

Group differences

1 2 3 4

Saline 0.03mg/kg 0.10mg/kg 0.30mg/kg

Primary cortex

Auditory �1.55±1.20a 0.30±1.23 14.90±1.39 13.40±1.96 4a44b

(158) �2.44±1.10b �1.97±1.30 7.37±3.44 1.45±3.10

Visual �1.58±1.01 �0.25±1.11 14.71±1.55 12.32±1.80 4a44b

(125) �1.56±1.18 �1.74±1.00 7.39±3.26 2.22±3.16

Somatosensory �1.61±0.85 0.48±1.06 13.20±1.15 12.81±1.25 3a43b; 4a44b

(1281) �1.60±1.01 �1.41±0.89 6.30±2.78 1.17±2.69

Insula �1.63±0.96 0.72±1.21 16.85±1.69 14.65±1.34 4a44b

(306) �1.40±0.97 �1.50±0.97 7.91±3.81 0.72±3.03

Motor �1.23±0.90 0.73±1.07 15.35±1.94 11.26±1.12 3a43b; 4a44b

(431) �0.66±1.00 �1.01±0.71 7.26±3.12 0.35±2.72

Parietal �1.49±1.03 �0.18±1.01 14.23±1.49 11.59±1.58 3a43b; 4a44b

(143) �1.49±1.05 �1.66±0.87 6.96±2.98 1.71±2.95

Limbic cortex

mPFC �1.23±0.90 0.73±1.07 15.35±1.94 11.26±1.12 3a43b; 4a44b

(80) �0.66±1.00 �1.00±0.71 7.26±3.12 0.35±±2.72

Orbital �1.88±0.67 �0.27±1.24 13.70±1.15 8.62±1.55 3a43b; 4a44b

(124) �0.03±0.91 �1.45±0.75 6.00±2.54 �0.94±2.89

Cingulate �1.07±0.76 0.82±1.06 19.31±2.71 17.85±1.88 3a43b; 4a44b

(125) �1.75±1.17 �0.67±0.87 9.60±3.86 1.68±3.03

RSDG �1.82±0.62 0.23±0.66 14.37±2.29 14.58±2.01 3a43b; 4a44b

(138) �1.39±1.04 �1.37±0.50 7.50±3.28 1.50±2.86

Perirhinal �1.98±1.46 �0.02±1.55 15.12±2.40 12.19±1.09 4a44b

(22) �2.68±0.85 �2.14±1.95 7.15±4.22 0.88±3.08

Subcortical limbic system

Hippocampus �3.33±0.36 �2.25±0.50 1.94±0.79 �6.60±1.18 1b41a; 4b44a

(18) �0.94±0.85 �2.22±0.53 �0.18±0.59 �3.63±0.49

Caudate�putamen �0.91±0.70 0.45±1.51 11.62±1.35 5.85±0.69 4a44b

(68) �2.47±1.06 �1.94±1.09 5.71±3.59 �1.05±1.90

Thalamus �1.72±0.46 0.59±0.72 10.22±1.14 10.19±1.18 4a44b

(210) �1.41±1.23 �1.18±0.80 5.28±2.49 2.23±1.99

Abbreviations: mPFC, medial prefrontal cortex; RSDG, retrosplenial dysgranular and granular cortices.
The effects of sequential nicotine administration on the percentage change observed in peak CBV values relative to the baseline for each of the two injections. The
upper and lower values represent the 1st and 2nd injections as shown by the exemplary superscripts a and b, respectively. Significant group differences were
thresholded at po0.05 after Bonferroni correction. Values represent the mean±SEM for each group.
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substantiated by the distinction between the biphasic dose–
effect relationships characterizing nicotine-induced brain
activation and the linear dose–effect relationships of its
hypertensive effect, suggesting that the two response
patterns represent independent mechanisms.

DISCUSSION

Using high-field fMRI measurements of rCBV, a hemo-
dynamic-based surrogate of neuronal activity, in drug-naı̈ve
rats together with novel, pharmacokinetic model-driven
analyses, we demonstrated marked region- and dose-depen-
dent brain response patterns both to an initial nicotine
injection and as a function of acute tolerance development
following repeated nicotine administration. Such diverse nico-
tinic network activation likely reflects the regional distribution
and pharmacological properties of multiple nAChR subtypes.

Nicotine-Induced Activation

In general agreement with previous phMRI studies of
intravenous nicotine in drug-naı̈ve rats (Choi et al, 2006;

Gozzi et al, 2006) and dependent human smokers (Stein
et al, 1998), our data show that nicotine induces widespread
changes in neuronal activity consistent with the ubiquitous
nAChR brain distribution and its diverse behavioral and
physiological effects (Dani and Bertrand, 2007; Rose, 2007).
These prominent nicotine actions lasted less than 10 min,
similar to that reported by other fMRI studies employing
bolus intravenous injections (Gotti et al, 2006; Stein et al,
1998) and within the approximately 5-min efficacy window
of drug subjective ratings (eg, drug ‘liking’) following
intravenous and inhaled nicotine in smokers (Henningfield
et al, 1985). This duration of drug action suggests that
human subjective reports are likely associated with specific
underlying neural mechanisms.

The utility of phMRI to measure the central effects of
nicotine emerges when compared with other regional
mapping procedures. Studies using the [C14]2-deoxyglucose
(2-DG) accumulation technique reported that the effects of
moderate doses of nicotine on cerebral glucose metabolism
were restricted to subcortical structures (London et al, 1988;
McNamara et al, 1990; Pontieri et al, 1996), whereas
widespread effects in cortical areas appeared only with an
exceedingly high, 10 mg/kg intraperitoneal dose, suggesting

Table 3 DOSE� INJECTION Interaction on Peak rCBV Responses to Nicotine

Area (number of voxels)
Group

Group differences

1 2 3 4

Saline 0.03mg/kg 0.10mg/kg 0.30mg/kg

Primary cortex

Somatosensory �1.81±0.82a 0.39±0.96 12.67±1.25 13.21±1.23 341, 2; 441, 2

(253) �1.42±0.93b �1.29±0.76 5.80±2.64 0.99±2.75 3a43b; 4a44b

Insula �1.96±0.98 0.08±1.47 16.49±1.44 14.99±1.09 341, 2; 441, 2

(90) 0.50±1.12 �0.80±0.84 7.44±3.45 �0.10±3.10 3a43b; 4a44b

Motor �1.74±0.93 �0.32±0.79 13.97±2.13 9.25±1.09 341, 2; 441, 2

(150) 0.75±0.94 �0.67±0.40 6.32±2.74 �0.82±2.60 3a43b; 4a44b

Limbic cortex

Orbital �2.13±0.59 �0.66±1.15 12.87±0.99 7.49±1.72 341, 2, 4; 441, 2

(104) 0.54±±0.88 �1.13±0.62 5.40±2.32 �1.36±2.72 3a43b; 4a44b

Cingulate �1.01±0.76 0.48±1.11 18.87±2.76 18.26±1.72 341, 2; 441, 2

(125) �1.60±1.20 �0.65±0.81 9.29±3.65 1.55±3.08 241; 3a43b; 4a44b

RSDG �1.81±0.61 0.26±0.63 14.13±2.30 14.52±1.99 341, 2; 441, 2

(122) �1.36±1.01 �1.33±0.48 7.40±3.23 1.40±2.83 3a43b; 4a44b

Olfactory bulb �2.07±1.78 �5.70±1.37 9.56±1.42 4.59±1.50 341, 2; 441, 2

(35) 0.26±1.78 0.94±1.63 3.89±1.93 �1.96±1.47 2a42b; 3a43b; 4a44b

Thalamus �2.09±0.31 �0.79±0.63 9.39±1.19 7.52±1.37 341, 2; 441, 2

(33) �0.61±1.01 �0.88±0.76 5.07±2.23 �0.25±1.80 3a43b; 4a44b

Abbreviations: mPFC, medial prefrontal cortex; RSDG, retrosplenial dysgranular and granular cortices.
ANOVA results of the 4 (DOSE)� 2 (INJECTION) interactions of nicotine administration. Values represent the percentage change observed in peak CBV values
relative to each injection baseline. The upper and lower values represent the 1st and 2nd injections as shown by the exemplary superscripts a and b, respectively.
Significant group differences were thresholded at po0.05 after Bonferroni correction. Values represent the mean±SEM for each group. Note the primary cortical
distribution of effects.
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a possible difference in regional drug sensitivity
(McNamara et al, 1990). Apparent discrepancies from the
current phMRI data may be related to the ability of assessing
brain activation almost instantaneously using phMRI vs
measuring a cumulative change in 2-DG levels over a
substantially longer (30–45 min) time period where short
duration drug actions may be lost in the temporal ‘noise’ (see
Marota et al, 2000). Nevertheless, London et al (1988) were
able to determine that activation induced by subcutaneous

nicotine was short-lived, peaking 2 min after injection and
rarely exceeding 15 min in duration. Localizing immediate-
early gene (IEG) responses following acute subcutaneous
nicotine revealed widespread cortical and subcortical activa-
tion (Mathieu-Kia et al, 1998; Schochet et al, 2005) similar to
our phMRI results. More germane to this study, the assess-
ment of single bolus intravenous nicotine injections yielded
negative IEG results (Samaha et al, 2005), and only with serial
intravenous injections did nicotine activate IEGs (Samaha
et al, 2005; Pich et al, 1997). The necessity for repeated
injections or sustained administration (subcutaneously, see
Schochet et al, 2005; prolonged infusions, see Ren and Sagar,
1992) and the persistence of induced DFosB have shifted the
focus of IEG brain mapping to long-term adaptations that
develop after chronic drug use (McClung et al, 2004). As an
analytical pharmacological tool, phMRI, although still evol-
ving, clearly offers advantages over 2-DG and IEG immuno-
histochemical techniques in its ability to localize nicotine’s
acute regional effects, determining its kinetics, and investigat-
ing acute tolerance. These advantages are discussed below in
the context of these results.

Nicotine-Induced Dose-Dependent and Region-Selective
Activation

Acute nicotine administration induced dose-dependent
neuronal effects. Although the lowest nicotine dose
administered, like saline, induced little change in rCBV,
the middle and high doses (0.1 and 0.3 mg/kg) significantly
increased activity in many cortical areas, with the largest
activation almost always (RSDG being the exception)
associated with the middle dose. Furthermore, relative to
that dose and consistent with an inverted U-shaped dose–
response neuronal function, the highest nicotine dose
induced little neuronal activation in NAc, amygdala, and
olfactory cortex, and a more limited response in other
limbic areas, including the septum, hippocampus, and
hypothalamus. These biphasic actions provide a prelimi-
nary mechanistic explanation underlying the oft-reported
biphasic behavioral and cognitive actions of nicotine,
including learning and memory processes (Levin et al,
1998, 2006; Levin and Chen, 2004; Matta et al, 2007) and
locomotor activity (Laviolette et al, 2002), which are closely
associated with these brain circuits. Reports that nicotine
decreased cerebral blood flow in the hippocampus while
increasing it in the thalamus and visual cortex in human
smokers (Domino et al, 2000, 2004; Zubieta et al, 2005) are
also in accord with these data. In addition, the biphasic
nicotine effects observed in this study are consistent with
earlier electroencephalographic data, which demonstrated
that moderate doses of nicotine increased (ie, stimulant
effect), while high doses decreased cortical activation (ie,
depressant effect) in human subjects (Ashton et al, 1974,
1980) and preclinical studies (Armitage et al, 1969; Guha
and Pradhan, 1976). Admittedly, the neuroanatomical
sources of these electroencephalographic observations
remain to be elucidated, although the involvement of the
limbic system was implicated (Ashton et al, 1980).

The observed dose-dependent and region-specific rCBV
activation patterns may provide insight into possible neuro-
pharmacological mechanisms underlying nicotine actions.
Among the two main receptor subtypes, a4b2* nAChRs are

Figure 5 Equimolar doses of nicotine (Nic) and nicotine pyrrolidine
methiodide (NicM) produced equivalent increases in peak mean arterial
blood pressure (MAP), but the NicM failed to affect relative cerebral blood
volume (rCBV). (a) Time courses of the group averaged MAP responses.
(b) Peak MAP increases in response to two sequential intravenous
injections of saline (n¼ 6), nicotine (0.03, 0.1, or 0.3 mg/kg; all n¼ 4) and
NicM (0.56 mg/kg, n¼ 5). Analysis of variance (ANOVA) (5 GROUPS� 2
INJECTIONS) demonstrated only a significant GROUP effect (po0.001).
Consequently, comparisons of MAP were based on the group means of the
two injections. Significant group differences after Bonferroni correction are
indicated: **po0.01 and ***po0.001, in comparison to the saline group.
There was no statistically significant difference between 0.30 mg/kg Nic and
0.56 mg/kg NicM. (c) Voxel-wise group analysis using a 2 (DOSE: nicotine
methiodide vs saline)� 2 (INJECTION) ANOVA indicated no significant
differences in peak rCBV responses to nicotine methiodide and saline.
Voxels in these maps were thresholded by F-statistics for DOSE main effect
pcorrected o0.005.

Differential development of tolerance to nicotine
Y Zuo et al

2507

Neuropsychopharmacology



widely expressed throughout the brain, whereas receptors
containing a7 subunits have a more limited distribution.
Furthermore, in contrast to the high-binding affinity (nM)
of nicotine for a4b2* nAChRs, which mediate slow decaying
currents, nicotine has a lower affinity (mM) for a7* recep-
tors, which mediate fast currents, and are rapidly desensi-
tized in vitro (Albuquerque et al, 1997; Dani and Bertrand,
2007; Wonnacott, 1986). Our highest nicotine dose reduced
neuronal activation relative to the middle dose in limbic
regions (eg, hippocampus and septum), which are char-
acterized by a dense expression of a7* subunit-containing
nAChRs (Alkondon et al, 1996; Azam et al, 2003; Clarke
et al, 1985; Marks et al, 1986) and is consistent with the in
vitro characteristics for this receptor type.

The 0.1 mg/kg nicotine dose might be expected to yield
brain nicotine concentrations in the nM range (Maisonneuve
et al, 1997). At these concentrations, nicotine has presumably
activated and subsequently desensitized mainly a4b2*
nAChRs, resulting in excitatory effects on principal neurons
in widespread brain regions through mechanisms that are
still only partially understood (Alkondon et al, 2000b; Ji and
Dani, 2000; Mansvelder et al, 2002). In contrast, nicotine at
0.3 mg/kg might be expected to yield concentrations in the
ı́M range (Rowell and Li, 1997), sufficient to activate and
subsequently desensitize both a7* and a4b2* nAChRs as
discussed previously (Alkondon et al, 2000a; Quick and
Lester, 2002). Strong activation of a7* nAChRs (eg, after the
high nicotine dose) on limbic system interneurons would
likely enhance inhibitory input onto pyramidal neurons
(Alkondon et al, 2000b; Ji and Dani, 2000), thereby shifting
network activity to a depressed state or lower excitatory
levels than those associated with 0.1 mg/kg nicotine. In
support of this possibility, a7* receptors are found to be most
prominent on GABAergic inhibitory interneurons in the
hippocampus (Ji and Dani, 2000; Jones and Yakel, 1997),
whereas a4b2* nAChRs are the predominant type involved in
the modulation of cerebral cortical interneurons that results
in inhibition and disinhibition of pyramidal neurons
(Alkondon et al, 2000b). Fast desensitization of a7* and
a4b2* receptors might also account for the shorter duration
effects of nicotine at the highest dose (Dani et al, 2000; Ochoa
et al, 1989, 1990) (Tables 2 and 3). As single neurons may
express multiple nAChR subtypes, and the regulation of
network processes likely engages multiple neurotransmitters
and cell types, the mechanisms of nicotine action are
expected to be extraordinarily complex. For these reasons,
future studies should employ nAChR subtype-selective and
regional microinjection-specific drug administration to
better understand the circuit processing and behavioral
consequences of nicotine.

Curiously, we observed no phMRI response following
the lowest (0.03 mg/kg) dose of nicotine, a dose typi-
cally employed in rat nicotine self-administration studies
(Corrigall and Coen, 1991; Matta et al, 2007) and one that
we expected might address the reinforcing properties of
nicotine. Our anesthetic choice was governed by prelimi-
nary studies in which nicotine-induced (0.30 mg/kg) activa-
tion acquired under isoflurane anesthesia was both
reproducible and qualitatively larger than effects observed
using a-chloralose and propofol anesthesia. Nevertheless,
findings that anesthesia reduces brain activation produced
by nicotinic agonists (Chin et al, 2008; Mori et al, 2001;

Suarez et al, 2009; Yamashita et al, 2005) might help explain
this discrepancy, which may best be addressed using a non-
anesthetized rodent model. Although technically more
difficult owing to requisite behavioral habituation training,
customized coil design, and head-post surgery, phMRI
using awake animals holds promise that drug effects on
multiple brain pathways may be investigated in the context
of relevant behaviors (eg, Li et al, 2008).

Development of Tachyphylaxis

Previous direct comparisons of cortical and subcortical
nicotine tolerance are rare. In vitro studies by Marks et al
(1993) demonstrated that the magnitude of biochemical
tolerance to nicotine varied between cortical and mid-brain
tissue following chronic nicotine exposure despite nAChR
upregulation and the absence of residual ‘chronic’ nicotine.
The use of phMRI allowed us to assess in vivo regional
differences in acute tolerance to nicotine at a whole-brain
level. Repeated and rapid intravenous nicotine administra-
tion produced profound tachyphylaxis in the thalamus
along with multiple cortical areas. In contrast, subcortical
limbic structures including the septum, amygdala, NAc,
and hypothalamus failed to demonstrate significant levels
of acute tolerance, even at the highest dose (Table 2 and
Figure 2), leading us to speculate that differential receptor
desensitization rates, corresponding to different nAChR
subtypes, may contribute to such regional tolerance
development heterogeneity. In vivo studies of recovery
from desensitized states have shown slow rates (tens of
minutes) for a4b2* receptors (Mansvelder et al, 2002) in
contrast to the very fast rates for a7* subtypes (Dani et al,
2000). Thus, a4b2* receptors may have been desensitized by
the first nicotine injection and remained largely in an
inactivated state that extended through the 25-min observa-
tion interval before the second injection. Consequently,
significant tolerance would likely be observed in those
regions where a4b2* receptors are the predominate subtype
regulating neuronal activity (Alkondon and Albuquerque,
2004; Alkondon et al, 2000a).

Consistent with the foregoing notion, significant acute
tolerance was found in widespread cortical and subcortical
regions that contain a high density of a4b2* receptors and
where the expression of a7* receptors is either scarce (eg,
thalamus) or restricted within cortical layer VI (Clarke et al,
1985). In contrast, it is likely that a large portion of a7*
receptors would have recovered from the desensitized (ie,
inactivated) state by the time of the second nicotine injection.
As such, the general resistance to acute tolerance develop-
ment seen in the hippocampus, amygdala, septum, NAc,
olfactory system, and hypothalamus corresponds to limbic
regions with dense a7* nAChRs. Given their known
involvement in cognitive functions, the lack of neurophysio-
logical tolerance development to repeated nicotine applica-
tion in many of these limbic systems may be linked to the lack
of tolerance to the cognitive enhancing effects of a7* nAChR
agonists demonstrated in several recent in vivo preclinical
and human studies (see Thomsen et al, 2010, for a review).

Similar nAChR regional heterogeneity and selective
desensitization could also provide a neuropharmacological
explanation for the differential pattern of behavioral
tolerance often reported for nicotine (Perkins et al, 1994;
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Warburton and Mancuso, 1998). The current regional
neuronal tolerance heterogeneity is of potential behavioral
relevance to the extent that multiple sensory systems,
including the thalamus and sensorimotor and insular
cortices, support some of the more aversive experiences of
nicotine, while the stimulating, positive effect and cogni-
tion-enhancing effects of this drug are associated more with
its action on the mesolimbic dopamine system (Di Chiara,
2000; Rose, 2007). In smokers, the first 1–2 cigarettes of
the day almost completely saturate high-affinity a4b2*
nAChRs (Brody et al, 2006). Yet, continual nicotine intake,
maintained by frequent smoking, may be reinforcing by
repeatedly activating limbic sites with abundant non-a4b2*
receptors that do not desensitize or remain inactivated
to repeated nicotine administration. If replicated and
extended, these findings suggest a neurobiological mecha-
nism that underlies the maintenance of smoking behavior
during the day and support the necessity of developing
smoking cessation aids to target a7* and other non-a4b2*
nAChRs (Rose, 2007).

The presence and development of functional tolerance,
particularly with our relatively short inter-injection interval
design, requires consideration of the signal baseline status
as we normalized each nicotine CBV response to its imme-
diate preinjection baseline period. Before normalization, we
first confirmed the absence of motion artifacts (none were
expected as the animals were paralyzed and artificially
ventilated). The relatively short interval between injections
also meant that there was non-metabolized nicotine present
in the brain. However, consistent with previous fMRI data
(Gotti et al, 2006; Stein et al, 1998), prominent rCBV
responses elicited by nicotine were found to last less than
10 min (Figure 4b and c) and returned to preinjection
baseline levels within the 25 min observation intervals.
Moreover, the paired nicotine administration paradigm
used in this study serves as a valid model to study tolerance
during continued cigarette smoking in dependent smokers
and nicotine self-administration in preclinical models.
Considering the different nicotine plasma half-life in rats
(50 min) and human beings (2 h), the 25 min interval
between paired nicotine injections is closely analogous
to the typical 45 min to 1 h cigarette ad libitum intervals in
smokers. Consequently, the presence of residual nicotine in
this study is likely similar to that which occurs in smokers,
who continue to smoke frequently after the first cigarette of
the day.

Nicotine-Induced Brain Activation Is Independent of Its
Peripheral Effects

Nicotine methiodide produced no measurable brain activa-
tion, while it increased peak MAP at a magnitude compar-
able to an equimolar dose of nicotine (Figures 5a and b),
arguing that nicotine-induced neuronal activation, mani-
fested as changes in rCBV, most likely resulted from inter-
actions with neuronal nAChRs rather than indirectly via
peripheral receptor-mediated effects such as increased
blood pressure. Gozzi et al (2006) and Suarez et al (2009)
also have argued that nicotine-induced, region-specific
activation measured by BOLD or CBV does not result from
generalized cerebral vasodilatation involving cholinergic
pathways (Sato et al, 2002). This is important as it has been

suggested that nicotinic activation could, either via a direct
vasodilatory action or by releasing acetylcholine, increase
regional CBF in the hippocampus and cortex, independent
of regional metabolism, through projection of basal fore-
brain cholinergic fibers (Sato et al, 2002, 2004). Any
substantial contribution to hemodynamic-based phMRI
changes observed in the present and previous research in
response to nicotine via a vasodilatory mechanism has yet
to be determined. Nevertheless, it is difficult to explain how
nicotine can differentially activate and desensitize cortical
and subcortical limbic regions through this signaling
pathway alone. Future research should examine potential
regional differences in vasculature and neurovascular
coupling (Sloan et al, 2010) that might account for, at least
in part, the differential rCBV changes seen in cortical and
subcortical limbic areas. Further, the negative nicotine
methiodide data lend support to the notion that CBV
changes mirror direct neuronal nAChR activation, consis-
tent with the ubiquitous distribution of nicotinic receptors
in the brain and their functional properties in synaptic
transmission.

In conclusion, we demonstrated that nAChR activation,
particularly at higher nicotine doses, produces differential
or even opposite effects on neuronal activity in cortical and
subcortical limbic networks. The marked regional hetero-
geneity in acute tolerance in brain response to nicotine
may be relevant to neurobiological mechanisms underly-
ing differential tolerance profiles across behavioral domains
associated with the rewarding properties of frequent
tobacco consumption. These diverse effects of nicotinic
activation also pose important challenges both for the
development of effective nicotinic therapeutic agents and
for dosing strategies to treat nicotine addiction and
neurological diseases involving nicotinic transmission
deficits (Dome et al, 2010; Thomsen et al, 2010). In light
of these results, new approaches, including allosteric modu-
lation of nAChRs, should be explored to circumvent
development of acute tolerance, especially in crucial brain
networks, resulting from the use of conventional nicotinic
agents (Maelicke and Albuquerque, 1996). Future studies
using agonists and antagonists selective for particular
nAChR subtypes might help clarify the effects of activation
and desensitization of these receptor subtypes on brain
activity.
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