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ABSTRACT This study investigated the dendritic morphology of neurons located in
the right and left basolateral amygdala (BLA) and infralimbic (IL) cortex following
chronic nicotine exposure during adolescence or adulthood. Sprague–Dawley rats were
administered subcutaneous injections of nicotine (0.5 mg/kg; free base) or saline three
times per week for 2 weeks (six total injections). The dose period began on either post-
natal day (P) 32 (adolescent) or P61 (adult). Twenty days following the end of dosing,
brains were processed for Golgi-Cox staining, and dendrites from principal neurons in
the BLA and pyramidal neurons in the IL were digitally reconstructed in three dimen-
sions. Morphometric analysis revealed a contrasting pattern of BLA dendritic morphol-
ogy between the adolescent and adult pretreatment groups. In the adult control group,
basilar dendritic length did not differ with respect to hemisphere. Nicotine induced ro-
bust hemispheric asymmetry by increasing dendritic length in the right hemisphere
only. In contrast, adolescent nicotine exposure did not produce significant alteration of
basilar dendritic morphology. There was, however, an indication that nicotine eliminated
a naturally existing hemispheric asymmetry in the younger cohort. At both ages, nico-
tine produced a reduction in complexity of the apical tree of principal neurons. Chronic
nicotine did not affect the dendritic morphology of pyramidal neurons from the IL in ei-
ther age group, indicating another dimension of anatomical specificity. Collectively, these
data implicate the BLA as a target for lasting neuroplasticity associated with chronic
nicotine exposure. Further, hemispheric differences in dendritic morphology were uncov-
ered that depended on the age of nicotine exposure, a finding that underscores the im-
portance of considering laterality when investigating neurodevelopmental effects of drug
exposure. Synapse 64:754–764, 2010. VVC 2010 Wiley-Liss, Inc.

INTRODUCTION

Exposure to nicotine has the potential to produce
neuroadaptations that persist well beyond cessation.
Notably, chronic nicotine produces robust remodeling of
dendrites from projection neurons located in the medial
prefrontal cortex (mPFC) and nucleus accumbens
(NAcc) that persists weeks following administration
(Bergstrom et al., 2008; Brown and Kolb, 2001; McDo-
nald et al., 2005, 2007). Another brain region where
nicotine may be expected to induce significant dendritic
remodeling is the basolateral amygdala (BLA).

Nicotine is well-known to alter the activity of BLA
neurons. The BLA possesses a high density of nico-
tine-binding a7 and b2 nicotinic acetylcholine recep-
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tors (Hill et al., 1993; Seguela et al., 1993), receives
dense cholinergic innervation from the basal forebrain
(Woolf, 1991), and is a central target for dopaminergic
projections from the ventral tegmental area (Muller
et al., 2009). Chronic nicotine alters BLA molecular sig-
naling (Pandey et al., 2001; Tzavara et al., 2002) and
gene expression (Konu et al., 2001; Li et al., 2004) and
promotes facilitation of BLA synapses (Huang et al.,
2008; Jiang and Role, 2008), findings that implicate the
BLA as a substrate for neural plasticity associated
with nicotine exposure. Despite compelling evidence for
nicotine-induced alteration of neural activity in the
BLA, it is unknown whether the dendritic morphology
of neurons in the BLA is affected by prior chronic nico-
tine exposure. To address this question, we carried out
morphometric analysis of BLA principal neurons fol-
lowing chronic nicotine exposure.

Hemispheric specialization of cognitive and emo-
tional processing is well documented in the rodent
brain. In particular, numerous studies have demon-
strated hemispheric lateralization in amygdala func-
tioning (Adamec, 1999; Adamec et al., 2005; Andersen
and Teicher, 1999; Coleman-Mesches and McGaugh,
1995a,b; Lalumiere and McGaugh, 2005; Sullivan
et al., 2009a,b). Dendritic remodeling may also be later-
alized. This suggestion seems plausible given the evi-
dence that environmental stress and maternal depriva-
tion can produce unilateral structural alteration in the
prefrontal and somatosensory cortices, respectively
(Czeh et al., 2008; Perez-Cruz et al., 2007, 2009; Pin-
kernelle et al., 2009). In light of the considerable evi-
dence for hemispheric specialization of amygdalar func-
tion, we evaluated whether nicotine’s impact on dendri-
tic morphology was biased with respect to hemisphere.

The BLA possesses reciprocal connectivity with
the IL cortex (Hoover and Vertes, 2007), and it has
recently been shown that nicotine alters the extinc-
tion of conditioned fear (Tian et al., 2008), learning
that depends on inhibitory drive from the IL (Milad
and Quirk, 2002). We therefore included IL den-
drites in our morphological analysis to assess the
anatomical specificity of nicotine’s impact on dendri-
tic morphology.

As smoking most often begins in adolescence
(Nelson et al., 2008) and it is now well understood
that adolescent nicotine exposure produces long-term
neurobehavioral outcomes that differ from compara-
ble adult exposure (Adriani et al., 2003; Brielmaier
et al., 2007; Iniguez et al., 2008; Schochet et al., 2005;
Smith, 2003; Smith et al., 2006), both adolescent and
adult pretreatment groups were evaluated.

MATERIALS AND METHODS
Animals and drugs

Male Sprague–Dawley rats (n 5 60) were ordered
from a commercial supplier (Harlan Sprague Dawley,

Indianapolis, IN) and arrived at our facility at either
postnatal day (P) 21 or P50 to acclimate to our colony
room. After arrival, rats were group-housed by age
(five per cage) with a 12-h light cycle (lights on at
0700) and ad libitum access to food and water. All
dosing took place during the light phase. Experiments
were carried out in accordance with the National
Institute of Health Guide for the Care and Use of
Laboratory Animals and were approved by the George
Mason University Animal Care and Use Committee.

Rats were administered nicotine (0.5 mg/kg; free
base) or saline control via subcutaneous (s.c.) injec-
tion three times per week for 2 weeks (six total injec-
tions) during either adolescence (n 5 30; P32–43) or
adulthood (n 5 30; P60–71). Injections were used in
the present study rather than a continuous infusion
regimen utilized in previous studies from our lab to
equate the mg/kg difference in mass between the
developing adolescent and adult age groups. Further,
smoking cigarettes during adolescence has been
described as intermittent, low-intensity (Karp et al.,
2005) with interspersed periods of not smoking
(Wellman et al., 2004). Therefore, the intermittent,
relatively low dose schedule of nicotine administra-
tion chosen for this experiment mimics consumption
patterns of adolescent human smokers. It could also
be argued that interspersed injections provide periods
of withdrawal which may be a key element in the de-
velopment of nicotine dependence (Le Foll and Gold-
berg, 2006).

Seventeen days following dosing, all groups were
behaviorally tested for fear conditioning and fear
extinction on three consecutive days (Bergstrom,
2009). The day following behavioral testing, a subset
of rats from the adolescent (n 5 14; P63) and adult (n
5 14; P92) groups were randomly chosen for sacrifice
for Golgi-Cox staining. Therefore, morphological anal-
ysis of BLA and IL dendritic morphology was con-
ducted 20 days following cessation from nicotine dos-
ing. An extended nicotine-free period was included in
the experimental design to ensure that all rats were
of adult age at the time of morphological analysis
(>P60). The accepted age range for adolescence in
rats conservatively ranges from P28 to P45 (Spear,
2000), and most neurobehavioral systems reach matu-
ration by P60 and are considered adults beyond this
age (Herlenius and Lagercrantz, 2004).

Neuroanatomy

Rats were deeply anesthetized with a ketamine/
xylazine cocktail and perfused intracardially with
0.9% saline solution. Brains were placed into Golgi-
Cox solution for 14 days in the dark at room tempera-
ture. The Golgi-Cox solution was prepared according
to the recipe of Glaser and Van der Loos (1981). Fol-
lowing Golgi-Cox immersion, brains were stored in a
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30% sucrose solution until vibratome sectioning (200
lm). To differentiate the hemispheres, a sagittal cut
was made with a razor blade along the prefrontal and
parietal cortices of the right hemisphere. Sections
were processed using the protocol of Gibb and Kolb
(1998) with modifications. Briefly, sections were alka-
linized in ammonium hydroxide, developed and fixed
using Kodak Rapid Fix, dehydrated through a graded
series of ethanols, and cleared in a solution of 1/3 xy-
lene, 1/3 alcohol (100%), and 1/3 chloroform. Golgi-
Cox-impregnated neurons were visualized using light
microscopy and reconstructed in three dimensions
using Neurolucida software (MBF Biosciences, Willi-
ston, VT). To eliminate bias, all neurons were traced
by an experimenter blind to pretreatment or age
group. Neuronal tracing was conducted under a 603
objective. Neurons were selected for tracing only if
they were well impregnated and possessed unob-
structed dendrites that could be followed without
interruption. IL morphological analysis was restricted
to pyramidal neurons located between Bregma 3.72
and 2.52 mm (Paxinos and Watson, 2005). IL pyrami-
dal neurons were selected from Golgi-stained tissue
based on the location of the IL anatomical boundaries
relative to major landmarks (genu of the corpus collo-
sum and lateral ventricle) and cortical distance from
the ventral surface of the brain. IL pyramidal neu-
rons were randomly sampled between 250 and 650
lm from the pia surface because the IL cortex is nar-
row with fewer, clearly distinguishable layers com-
pared to the adjacent prelimbic (PL) cortex (Izquierdo
et al., 2006). To rule out artifactual morphological dif-
ferences resulting from differential sampling across
layers, soma-to-pia distances were compared across
pretreatment group and age. Cells with a prominent,
single apical tree extending from the apex of the
soma toward the pia surface of the cortex and two or
more basilar dendritic trees extending from the base
of the soma and dendritic spines were chosen for
reconstruction. BLA morphological analysis was re-
stricted to principal neurons located between Bregma
22.04 mm and 23.36 mm (Paxinos and Watson,
2005). In this experiment, the BLA was defined as the
lateral, basal, and accessory basal nuclei (LeDoux,
2000). The contour of the BLA was readily identified
by the external capsule which branches into two fiber
tracts that make up its borders. Principal neurons in
the BLA were differentiated from stellate neurons
based on several morphological criteria including
spines, an ‘‘apical-like’’ dendritric tree, and biconical
dendritic radiation (Sah et al., 2003).

Morphometric analysis

Quantitative morphological measurements were
extracted using NeuroExplorer software (MBF Bio-
sciences, Williston, VT). Morphometric parameters

included total length and number of bifurcations
(nodes) for both apical and basilar trees. The distribu-
tion of total dendritic length and bifurcations along
the extent of the dendritic tree was determined by
implementing a sholl analysis. In the sholl analysis,
the total length and number of bifurcations were
measured between equidistant concentric spheres
radiating from the center of the soma that each meas-
ured 20 lm in radial distance. The sholl analysis
reflected the complexity of the dendritic tree. Somatic
surface area (lm2) and perimeter measurements were
taken at their approximate maximum by tracing at
the level in which the soma appears the largest
(Duque et al., 2007). Soma-to-terminal length for the
apical tree was also determined. In addition, the
hemisphere from which each neuron originated was
recorded to assess hemispheric differences in mor-
phology. For each animal, two to six neurons were
reconstructed. A mean value based on two to six neu-
rons was calculated for each subject. Group values for
each parameter (total length and bifurcations) were
based on the mean values from each subject. Age (ad-
olescent vs. adult), pretreatment (nicotine vs. control),
and hemisphere (right vs. left) were the between-
groups factors. To examine the distribution of dendri-
tic material across the extent of the dendrite, an
ANOVA with radial distance from the soma (radius)
as the within-group factor (repeated measures) was
conducted. Violation of the assumption of sphericity
was corrected using the highly conservative Green-
house–Geisser correction for degrees of freedom. Sig-
nificant interactions led to follow-up comparisons
using independent samples t-test at distinct radii
from the soma. To avoid spurious values due to multi-
ple comparisons or an overly conservative posthoc
test, differences were considered to be significant only
if the P-values for three or more consecutive points
were <0.05 (Luck, 2005). Comparisons of mean values
were carried out with one-way ANOVA. All data were
presented as group means 6 SEM. A superscripted
letter ‘‘a’’ indicates a Greenhouse–Geisser-corrected
value throughout text. Differences were considered
significant at P < 0.05. All statistical tests were car-
ried out using SPSS software.

RESULTS
Body weight

In the adolescent group, ANOVA (age 3 pretreat-
ment) with repeated measures (day) revealed a pre-
treatment 3 day interaction (aF[2.2, 60.7] 5 3.3; P <
0.05), with rats in the nicotine group weighing less
than the control group over injections days. The dif-
ference in the body weight percentage change
between the pretreatment groups was similar for the
adult (2.5%) or adolescent (1.7%) group, suggesting
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that nicotine promoted equivalent body weight loss
over injection days for both age groups.

BLA morphometric analysis

For the BLA, two to six neurons were reconstructed
from each adolescent (nicotine, n 5 5; control, n 5 8)
and adult (nicotine, n 5 7; control n 5 7) pretreated
animal. A total of 54 neurons were reconstructed
from the adolescent (nicotine, n 5 26; control, n 5 28)
and 55 from the adult (nicotine, n 5 27; control, n 5
28) group (109 total cells reconstructed; Fig. 1).

BLA basilar dendrites

ANOVA (age 3 pretreatment 3 hemisphere) with
repeated measures (radius) revealed a significant
interaction of age, pretreatment, hemisphere, and ra-
dius for total length (aF[2.7, 85.8] 5 3.9; P 5 0.014)
and a nearly significant four-way interaction for num-
ber of bifurcations (aF[3.8, 118.3] 5 2.4; P 5 0.06).

In the adult group, subsequent ANOVA (pretreat-
ment 3 hemisphere) with repeated measures (radius)
revealed a pretreatment 3 hemisphere 3 radius inter-
action (aF[2.9, 43.1] 5 3.5; P 5 0.025). Follow-up analy-
sis in the control group revealed no difference in the
total length of basilar dendrites between hemispheres.
Nicotine induced asymmetric remodeling of dendrites
between hemispheres for both total length (aF[2.5, 184]
5 2.5; P 5 0.003) and bifurcations (aF[3.5, 168] 5 4.0;
P 5 0.01), with the right hemisphere exhibiting greater
total length (F[1, 8] 5 21.0; P 5 0.002) and bifurcations

(aF[1, 7.7] 5 19.4; P 5 0.002) relative to the left hemi-
sphere. Differences were most pronounced at 60–120
lm from the soma for total length (Fig. 2). Together,
these data reveal hemispheric symmetry of dendritic
morphology from the BLA for adult rats from the con-
trol condition and hemispheric asymmetry for rats with
prior nicotine exposure.

In the adolescent group, ANOVA (pretreatment 3
hemisphere) with repeated measures (radius)
revealed a significant interaction of hemisphere 3 ra-
dius for total length (aF[2.3, 37.5] 5 3.1; P 5 0.049).
Subsequent analysis of pretreatment groups inde-
pendently showed a trend toward hemispheric asym-
metry in the control condition (P 5 0.08). This asym-
metry appeared to be eliminated in the nicotine con-
dition (Fig. 3).

To assess the possibility for differences in dendritic
remodeling between age groups that occurred inde-
pendently of nicotine pretreatment, analysis of con-
trols between age groups was conducted. Results
revealed a significant decrease in overall dendritic
length (F[1, 18] 5 5.4; P 5 0.032) and a trend toward
a decrease in bifurcation number (F[1, 18] 5 4.4; P 5
0.051) in adults relative to adolescents. Similarly, for
the apical tree, there was an overall reduction in total
length (F[1, 18] 5 5.2; P 5 0.035) in the adult relative
to the adolescent group (Fig. 4). There was no interac-
tion of age 3 hemisphere for both the basilar and api-
cal trees, suggesting that the decrease in dendritic
length observed between the adult and adolescent
group was similar between the hemispheres.

Fig. 1. A: Representative photomicrograph of a Golgi-Cox-stained BLA principal neuron with an
example of an apical and basilar dendrite. Reconstructions of BLA principal neurons from the adoles-
cent (B) and adult (C) groups. These nicotine (bottom panels) and control neurons (top panels) from
the left (left panels) and right hemisphere (right panels) were selected because they are representa-
tive of basilar dendritic lengths near their respective group means. Scale bar represents 20 lm.
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Between-hemisphere (interhemispheric) and within-
hemisphere (intrahemispheric) main effects of pre-
treatment can be found in Tables I and II, respectively.

BLA apical dendrites

For the apical tree, ANOVA (age 3 pretreatment 3
hemisphere) with repeated measures (radius) for total
length indicated a main effect for hemisphere (F[1,
37] 5 5.5; P 5 0.03) and a trend toward a pretreat-
ment effect (F[1, 37] 5 4.1; P 5 0.051). Analysis of
apical bifurcations revealed a main effect of pretreat-
ment only (F[1, 37] 5 6.2; P 5 0.02). These results
indicated that nicotine decreased the complexity of
apical dendrites relative to control and that dendrites
in the right hemisphere exhibited greater total length
than dendrites in the left hemisphere, regardless of
pretreatment or age of dosing (Figs. 3 and 4).

IL morphometric analysis

For the IL, two to four neurons were reconstructed
from each adolescent (nicotine, n 5 6; control, n 5 7)
and adult (nicotine, n 5 6; control, n 5 5) pretreated
animal. A total of 45 neurons were reconstructed
from the adolescent (nicotine, n 5 19; control, n 5 26)
and 46 from the adult (nicotine, n 5 25; control, n 5
21) group (91 total cells reconstructed; Fig. 5).

Pyramidal neurons in the IL cortex were randomly
sampled from Layers III–V with a range of 245–650
lm from the pia surface. To address the possibility
that group differences in dendritic morphology may
have been due to a sampling bias with respect to cort-
ical depth, the distance from the soma to the pia sur-
face was measured for each neuron and compared
across groups. Mean distance (mean 6 standard error
of the mean) to the cortical surface did not vary
across pretreatment (nicotine, M 5 448.2 6 14.2; con-

Fig. 2. Nicotine during adulthood induced asymmetry in BLA
basilar dendritic morphology by a selective increase in the complex-
ity of dendrites in the right hemisphere (P < 0.01). In contrast,
there was a reduction in the length of apical dendrites in the left
hemisphere relative to right. Hemispheric differences in basilar den-
dritic length were confined to distances from 60 to 120 lm from the
soma. Differences in apical dendritic length emerged at the distal-

most distance from the soma (140–240 lm). Basilar and apical den-
drites are plotted on the left and right as a function of distance
from the soma, respectively. Data points (mean 6 SEM) represent
the total of all dendritic material at the respective distance from the
soma center (bin size was 20 lm) for each hemisphere. *P < 0.05 for
three or more consecutive points.
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trol, M 5 452.4 6 12.0) or hemisphere (right, M 5
468.54 6 12.9; left, M 5 432.8 6 12.7). There was,
however, a sampling difference with respect to age
(F[1, 115] 5 5.2; P < 0.05), with neurons from the
adolescent group having a greater mean cortex-to-pia
distance.

IL basilar dendrites

No group differences were detected for IL basilar
dendrites.

IL apical dendrites

No group differences were detected for IL apical
dendrites. For the nicotine group, although it appears
that the apical tree from the adolescent group differed
by hemisphere (Fig. 5), there was no significant inter-
action of hemisphere 3 distance from the soma. Fur-
thermore, subsequent analysis of individual points
along the dendritic tree failed to meet the criteria

established above for consecutive significant differen-
ces (P < 0.05) at three or more points.

Soma size

There were no differences in soma perimeter (71.2
6 8.8 lm) or area (367.4 6 85.6 lm2) across all
groups.

DISCUSSION

Chronic nicotine induced a long-lasting alteration
of dendritic morphology in the BLA. These are the
first data to characterize drug-induced changes in the
morphology of dendrites from the BLA. Further, nico-
tine-induced alteration of dendritic morphology in the
BLA was found to be lateralized. To our knowledge,
this is the first evidence for drug-induced morphologi-
cal changes localized to a single hemisphere. The pat-
tern of dendritic remodeling depended on the age of
nicotine exposure, a finding supported in other corti-

Fig. 3. Nicotine during adolescence appears to eliminate asym-
metry in the dendritic morphology of BLA principal neurons,
although this result only approached statistical significance. There
was a significant decrease in the total length of apical dendrites in
the nicotine compared to control group (P < 0.05). Basilar and api-

cal dendrites are plotted on the left and right as a function of dis-
tance from the soma, respectively. Data points (mean 6 SEM) repre-
sent the total of all dendritic material at the respective distance
from the soma center (bin size was 20 lm) for each hemisphere. *P
< 0.05 for three or more consecutive points.
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colimbic brain regions relating to the conditioned
reinforcing effects of drugs of abuse (Koob, 2009),
including the NAcc (McDonald et al., 2007) and PL
cortex (Bergstrom et al., 2008).

The most prominent effect of chronic nicotine expo-
sure on BLA dendritic morphology was in the adult
dose group (Fig. 2). The total length and bifurcation
number of both basilar and apical dendrites was
equivalent between hemispheres in controls. Nicotine
induced hemispheric asymmetry by selectively
increasing both basilar dendritic length (61.5%) and

bifurcation number (79.7%) from principal neurons
located in the right BLA. Apical dendritic morphology
was also altered between hemispheres with an indica-
tion that nicotine reduced the complexity of left hemi-
sphere BLA dendrites relative to the right. These
results suggest a bidirectional influence of nicotine
on basilar and apical BLA dendritic segments that
depended on the hemisphere from which the neuron
originated. In contrast to adults, there was an indica-
tion that nicotine eliminated hemispheric asymmetry,
although this pattern only approached statistical sig-
nificance (Fig. 3). Like the adult group, nicotine dur-
ing the adolescent period reduced apical dendritic
length. Together, the present results highlight a num-
ber of highly specific anatomical alterations in BLA
dendritic morphology that include a bidirectional pat-
tern of dendritic remodeling between basilar and api-
cal dendritic segments that depend both on the age of
nicotine exposure and on the hemisphere from which
the neuron originated. Specificity of nicotine’s impact
on basilar versus apical segments supports findings
for pyramidal neurons in the PL cortex (Bergstrom
et al., 2008; Brown and Kolb, 2001). Corresponding
changes were not detected in the IL cortex, indicating
yet another dimension of anatomical specificity for
dendritic remodeling in response to nicotine. Anatom-
ically specific modification of dendritic architecture in
response to nicotine is in line with findings in other
corticolimbic brain regions. In the NAcc shell, robust
modification of dendrites was observed in medium
spiny projection neurons, but not in the aspiny cholin-
ergic interneurons (McDonald et al., 2007). In the PL
cortex, a pattern of nicotine-induced dendritic remod-
eling emerged that differed depending on a putative
subpopulation of pyramidal neuron (Bergstrom et al.,

TABLE I. Interhemispheric (between) differences in pretreatment for the total length of dendrites (mean 6 SEM)

Control Nicotine

Adolescent Adult Adolescent Adult

L R L R L R L R

BLA Basilar 1299 6 64 1500 6 187 1056 6 163 1087 6 92 1537 6 204 1524 6 59 942 6 61 1521 6 93
Apical 932 6 143 1016 6 86 668 6 76 823 6 69 708 6 105 761 6 98 498 6 55 890 6 109

IL Basilar 1118 6 103 1165 6 87 1224 6 91 1150 6 126 1007 6 132 1232 6 203 1358 6 229 1331 6 98
Apical 977 6 119 1236 6 192 1040 6 110 872 6 83 845 6 88 1097 6 150 973 6 80 868 6 114

Gray cells reflect statistically significant differences between mean values (P < 0.05).

TABLE II. Intrahemispheric (within) differences in pretreatment for the total length of dendrites (mean 6 SEM)

Adolescent Adult

Left Right Left Right

Nicotine Control Nicotine Control Nicotine Control Nicotine Control

BLA Basilar 1537 6 204 1300 6 64 1524 6 59 1501 6 187 942 6 61 1056 6 163 1566 6 134 1088 6 92
Apical 708 6 105 932 6 143 761 6 98 1016 6 86 498 6 55 667 6 76 891 6 109 823 6 67

IL Basilar 1006 6 132 1117 6 103 1232 6 203 1166 6 87 1358 6 229 1224 6 91 1332 6 98 1150 6 126
Apical 845 6 88 977 6 119 1097 6 150 1236 6 192 973 6 80 1030 6 158 868 6 114 871 6 83

Gray cells reflect statistically significant differences between mean values (P < 0.05).

Fig. 4. BLA dendrites were longer in the younger (P63) com-
pared to older (P92) group. Differences were localized to 180–280
lm from the soma for basilar dendrites and 60–100 lm from the
soma for apical dendrites. Basilar and apical dendrites are plotted
on the left and right as a function of distance from the soma, respec-
tively. Data points (mean 6 SEM) represent the total of all dendritic
material at the respective distance from the soma center (bin size
was 20 lm). *P < 0.05 for three or more consecutive points.
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2008). Further, Brown and Kolb (2001) demonstrated
that, while dendrites in the NAcc and PL exhibited
robust remodeling in response to nicotine, dendrites
in the parietal cortex were shown to be unaltered.
Collectively, these data indicate a highly selective
form of dendritic remodeling in response to nicotine
that is localized to corticolimbic brain regions impli-
cated in nicotine addiction.

Dendrites in the right BLA appeared to be the most
sensitive to nicotine-induced structural remodeling
(Tables I and II). This result is especially intriguing
given numerous findings for a right amygdala bias in
emotion-related tasks (Adamec, 1999; Adamec et al.,
2005; Andersen and Teicher, 1999; Baker and Kim,
2004; Coleman-Mesches and McGaugh, 1995a,b; Lalu-
miere and McGaugh, 2005; Sullivan et al., 2009a,b).
The functional consequences of lateralized dendritic
remodeling are unclear (Czeh et al., 2008).

Age-dependent differences

Lasting age-dependent responsiveness to nicotine is
well supported in the preclinical literature and prob-
ably relates to the unique neurodevelopmental profile
of the adolescent brain. The amygdala in particular
undergoes considerable developmental changes

through adolescence. Both structural and neurochem-
ical maturation occurs during the adolescence period
including dendritic pruning (Zehr et al., 2006),
increased acetylcholinesterase activity (Berdel et al.,
1996), and continued development of efferent connec-
tivity with the mPFC (Cunningham et al., 2002,
2007). These developmental changes appear to render
amygdala circuitry particularly vulnerable to nico-
tine’s pharmacodynamic action, producing long-term
outcomes that differ from comparable adult-aged ex-
posure (Smith, 2003). The precise ontogenetic mecha-
nisms that underlie nicotine-induced dendritic remod-
eling are unknown.

An unexpected finding from the present work was
the apparent retraction of BLA dendrites in the older
relative to younger group (Fig. 4). Some work sug-
gests that development of the amygdala may extend
beyond what is typically defined as adolescence (P28–
42) (Spear, 2000). Amygdala volume was found to
increase well into young adulthood in mice (Koshibu
et al., 2004), a pattern similar to that observed in
humans (Giedd et al., 1996). Connectivity with the IL
also increases into young adulthood (P65) or later
(Cunningham et al., 2002). As whole amygdala vol-
ume and connectivity increase, it was recently shown
that principal neuron and glia number decrease from

Fig. 5. There was no lasting effect of nicotine in the IL cortex of rats dosed during adolescence
(A) or adulthood (B). Data points (mean 6 SEM) represent the total dendritic length at the respective
distance from the soma center (bin size was 20 lm). Representative reconstructions of IL pyramidal
neurons from the adolescent (C) and adult (D) dose groups were selected because they are representa-
tive of dendritic lengths near their respective group means. Scale bar represents 20 lm.
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P35 to P90 (Rubinow and Juraska, 2009). Collectively,
these data implicate a relatively late wave of neuro-
developmental events in the amygdala that extends
well past what is classically considered the adolescent
period. Here, it was found that BLA dendritic com-
plexity decreases through young adulthood. In ani-
mals not exposed to nicotine, basilar and apical den-
dritic length was decreased (24.5 and 21.7%, respec-
tively) in the older (P92) compared to younger (P63)
group (Fig. 4). No developmental differences were
found for dendrites in the IL (Fig. 5), suggesting that
continued morphological differences through early
adulthood may be brain region specific.

Infralimbic cortex dendritic morphology

Nicotine did not influence dendritic morphology of
pyramidal neurons in the IL cortex (Fig. 5), a finding
in contrast to observations in the adjacent PL cortex
(Bergstrom et al., 2008; Brown and Kolb, 2001). It is
important to note that the dosing regimen in the
present experiment (intermittent s.c.) differed from
that of Bergstrom et al. (2008; continuous infusion)
and Brown and Kolb (2001; intermittent interperito-
neal). However, subregion-specific nicotine-induced
reorganization of mPFC dendritic morphology might
be expected since the PL and IL cortices each possess
differing cytoarchitecture (Van Eden and Uylings,
1985), connectivity (Gabbott et al., 2005; Hoover and
Vertes, 2007), and functionality (Counotte et al.,
2008; Marquis et al., 2007; Peters et al., 2009; Van
den Oever et al., 2008). Clearly, more work is required
to delineate how chronic nicotine may impact the IL
cortex. It could be argued that nicotine-induced struc-
tural plasticity was confined to a specific IL cortical
layer. Future work should address the possibility for
layer-specific dendritic alteration in the IL cortex in
response to nicotine.

Stress effects

For rats dosed as adults, structural changes were
generally characterized as hypertrophic, with
increased basilar dendrite complexity in response to
nicotine. Numerous experiments have demonstrated
dendritic hypertrophy in the BLA following both
stress and corticosterone regimens (Johnson et al.,
2009; Mitra et al., 2009; Mitra and Sapolsky, 2008;
Vyas et al., 2002, 2004, 2006). Based on this work, it
could be argued that stress, rather than the pharma-
cological action of nicotine per se, could have contrib-
uted to BLA dendritic hypertrophy. However, it
should be noted that in addition to the BLA, stress
has reliably been shown to restructure apical den-
drites of neurons from the IL cortex (Goldwater et al.,
2009; Izquierdo et al., 2006; Perez-Cruz et al., 2007,
2009). In the present work, we found no significant
impact of nicotine on IL dendritic morphology, sug-

gesting that putative stress resulting from repeated
nicotine injections and withdrawal was not suffi-
cient to induce structural alterations in IL dendritic
morphology.

It could also be argued that fear learning or an
interaction of nicotine and fear learning prior to mor-
phological analysis of the BLA and IL contributed to
the observed pattern of dendritic remodeling. To our
knowledge, no work has yet demonstrated changes to
dendritic morphology following fear conditioning or
extinction, although fear conditioning has been shown
to increase spine number in the lateral amygdala
(Radley et al., 2006). If an interaction of nicotine and
fear conditioning occurred, the effect between groups
would most likely be equivalent and not have contrib-
uted to the between-pretreatment group differences
since all rats underwent fear conditioning and extinc-
tion.

Cellular mechanisms mediating dendritic
alteration

Altered synaptic activity has the potential to trig-
ger dendritic remodeling (Parrish et al., 2007). Evi-
dence for altered GABAergic (Barazangi and Role,
2001) and glutamatergic (Barazangi and Role, 2001;
Girod et al., 2000; Jiang and Role, 2008) synaptic sig-
naling has been indicated in the BLA after nicotine.
Although not directly demonstrated in the rodent
BLA but a finding common across systems is that
increased glutamate release initiates changes in
intracellular calcium. Calcium influx through
N-methyl-D-aspartic acid (NMDA) receptors and post-
ynaptic voltage-dependent calcium channels has the
potential to influence the dendritic cytoskeleton
through new gene transcription (Flavell and Green-
berg, 2008). The action of neurotrophins is another
mechanism for dendritic growth and branching of
BLA principal neurons. Although the neurotrophic
effects of long-term nicotine are established (Mudo
et al., 2007), no studies to date have directly demon-
strated increased neurotrophic action in the amygdala
following chronic nicotine exposure.

Consequences of basolateral amygdala
dendritic reorganization

The BLA is generally thought to be involved in the
acquisition and consolidation of emotional memory
(McGaugh, 2004). Modifications to BLA dendritic
morphology has the potential to significantly impact
the physiology, connectivity, and information-process-
ing of BLA neurons (Connors and Regehr, 1996;
Hernandez-Echeagaray et al., 2004; Krichmar et al.,
2006; Liu and Aghajanian, 2008; Stepanyants and
Chklovskii, 2005). Thus, it might be expected that
modifications to BLA dendrites would impact behav-
ior that depends on BLA functioning. Indeed, there is
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some evidence to suggest that prior nicotine produces
lasting alterations of emotional memory that depend
on BLA functioning, including auditory fear condi-
tioning (Smith et al., 2006) and extinction (Tian
et al., 2008). However, it is important to note that
dendritic hypertrophy has not yet been found to be a
predictor of classical fear conditioning performance,
but rather has been shown to correlate with anxiety-
related behaviors (Mitra and Sapolsky, 2008; Vyas
et al., 2002, 2006). Another role for the BLA is in the
regulation of stress hormone secretion (Herman et al.,
1996). Mitra and Sapolsky (2008) theorized that
greater elaboration of dendrites in the BLA might be
expected to increase BLA excitation to the hypothala-
mic-pituitary-adrenal (HPA) axis and thus enhance the
stress response. Persisting anxiety/stress as a conse-
quence of smoking represents an important contribut-
ing factor to nicotine addiction (Picciotto et al., 2002).

Overall, the findings presented here implicate the
BLA as a target for persisting neuroadaptative changes
associated with chronic nicotine exposure. Nicotine-
induced changes of BLA dendrites depended on the
hemisphere from which the neuron originated, high-
lighting the importance of laterality when investigating
drug effects.
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