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Abstract—Nicotine is one of the most addictive substances
known, targeting multiple memory systems, including the
ventral and dorsal striatum. One form of neuroplasticity com-
monly associated with nicotine is dendrite remodeling.
Nicotine-induced dendritic remodeling of ventral striatal
medium spiny neurons (MSNs) is well-documented. Whether
MSN dendrites in the dorsal striatum undergo a similar pat-
tern of nicotine-induced structural remodeling is unknown.
A morphometric analysis of Golgi-stained MSNs in rat
revealed a natural asymmetry in dendritic morphology
across the mediolateral axis, with larger, more complex
MSNSs found in the dorsolateral striatum (DLS). Chronic nico-
tine produced a lasting (at least 21 day) expansion in the den-
dritic complexity of MSNs in the DLS, but not dorsomedial
striatum (DMS). Given prior evidence that MSN subtypes
can be distinguished based on dendritic morphology, MSNs
were segregated into morphological subpopulations based
on the number of primary dendrites. Analysis of these sub-
populations revealed that DLS MSNs with more primary den-
drites were selectively remodeled by chronic nicotine
exposure and remodeling was specific to the distal-most
portions of the dendritic arbor. Co-administration of the
dopamine D1 receptor (D1R) antagonist SCH23390 com-
pletely reversed the selective effects of nicotine on DLS
MSN dendrite morphology, supporting a causal role for
dopamine signaling at D1 receptors in nicotine-induced den-
drite restructuring. Considering the functional importance of
the DLS in shaping and expressing habitual behavior, these
data support a model in which nicotine induces persistent
and selective changes in the circuit connectivity of the DLS
that may promote and sustain addiction-related behavior. ©
2017 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Nicotine is a potent reinforcing stimulus, making it among
the most addictive substances known (Pontieri et al.,
1996). The progression from casual to compulsive drug
use is thought to be mediated by mechanisms of neuronal
plasticity that underlie normative learning and memory
processes (Hyman, 2005). Nicotine targets multiple mem-
ory systems associated with reward learning, including
the striatum (Rice and Cragg, 2004). The striatum is posi-
tioned at the center of cortico-basal ganglia loops that
integrate a wide range of input necessary for reinforce-
ment learning, decision-making and motor control
(Graybiel, 2000). The striatum is broadly defined along
the dorsal and ventral axis (Voorn et al., 2004), with the
ventral striatum being the most intensely studied striatal
region in the context of reinforcement learning and addic-
tion (Everitt and Robbins, 2005). However, the dorsal
striatum also critically participates in reinforcement learn-
ing, including decision-making related to action selection
(Balleine et al., 2007).

While the ventral striatum is an established target for
neuroadaptations in response to nicotine (Koob and
Volkow, 2010), nicotine also induces neuroplasticity in
the dorsal striatum (Valjent et al., 2004; Pascual et al.,
2009; Ortega et al., 2013; Clemens et al., 2014). The dor-
sal striatum is anatomically and functionally segregated
into medial and lateral zones. During the course of instru-
mental learning, one model suggests the acquisition of
goal-directed action selection initially mediated by the
DMS is gradually taken over by the dorsolateral striatum
(DLS) and expressed as habits (Yin et al., 2004, 2006;
Balleine and O’Doherty, 2010). As addiction has been
conceptualized as a transition from voluntary consump-
tion to compulsive habit, with a loss of control over drug
intake in the face of negative consequences (Belin
et al., 2009), a shift in neuronal control from DMS to
DLS could underlie the progression from voluntary to
habitual drug intake (Yin et al., 2004; Corbit et al., 2012;
Gremel and Lovinger, 2016).

One exceptionally persistent form of neuroplasticity
commonly associated with addictive drug exposure is
dendritic remodeling (Robinson and Kolb, 2004).
Nicotine-induced dendritic remodeling in the ventral
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striatum is well-documented (Brown and Kolb, 2001;
Hamilton and Kolb, 2005) and is particularly pronounced
when exposure occurs during adolescence (McDonald
et al., 2007). Furthermore, systemic blockade of dopa-
mine 1 (D1) receptors during nicotine exposure in the
adolescent brain completely blocks nicotine-induced den-
drite remodeling in the ventral striatum (Ehlinger et al.,
2016), suggesting a causal role for dopaminergic signal-
ing at D1 receptors in nicotine-induced dendritic plasticity
in the ventral striatum. Comparable measures in the dor-
sal striatum are lacking. To address this research gap, the
dendritic morphology of Golgi-stained medium spiny neu-
rons (MSNs) in the DMS and DLS were completely recon-
structed in three-dimensions and morphometrically
analyzed after a chronic systemic intermittent nicotine
regimen (subcutaneous 0.5 mg/kg, 2 weeks, 8 total injec-
tions) during adolescence (PN28-42) in male Sprague-
Dawley rats, with or without, co-administration of the
highly selective D1 receptor antagonist SCH23390 (sub-
cutaneous 0.05 mg/kg). Because addiction is also defined
by chronic relapse (NIDA, 2014), it is important to identify
long-lasting changes in cellular plasticity following drug
exposure (Grueter et al., 2012), therefore dendritic mor-
phology was measured at a protracted time frame (21-
days) following the end of nicotine exposure.

Striatal MSNs can be divided into distinct
subpopulations based on anatomical connectivity (i.e.,
striatonigral ~ “direct” and striatopallidal  “indirect”
pathways), molecular composition (i.e., D1- and D2-
expressing) and functionality (Kreitzer and Malenka,
2008; Kravitz et al., 2012). Recent evidence suggests that
striatal MSNs can also be divided into distinct morpholog-
ical subpopulations (Gertler et al., 2008; Gagnon et al.,
2017). Whether nicotine selectively influences the den-
dritic branching pattern of these morphologically defined
MSN subpopulations has not been analyzed. MSNs were
segregated into subpopulations based on the number of
primary dendrites (first order dendrites emanating from
the soma). The use of primary dendrites as a criterion
structural feature for segregating MSN subpopulations is
advantageous in the context of nicotine exposure, as
nicotine does not influence this particular feature of
MSN morphology (Brown and Kolb, 2001; McDonald
et al., 2005, 2007; Hamilton and Kolb, 2005; Ehlinger
et al., 2012) and primary dendrite number has been
shown previously to differentiate striatal MSN cell types
(Gertler et al., 2008). DMS and DLS MSN dendritic
remodeling in response to nicotine with or without D1
antagonist co-administration was characterized within
morphologically subdivided “large” and “small” subpopu-
lations, based on primary dendrite number.

Our results reveal (1) a naturally existing asymmetry
in MSN dendrite morphology between the DLS and
DMS, (2) a lasting (at least 21 days) increase in the
dendritic complexity of MSNs in the DLS, but not DMS,
following chronic nicotine exposure, (3) selective
dendritic remodeling for a morphological distinct DLS
MSN subpopulation that contains more primary
dendrites (large subpopulation), and (4) a blockade of
this  structural plasticity when animals are co-
administered the D1 antagonist SCH23390 during

nicotine exposure. Collectively, these results suggest a
selective, persistent, and D1 receptor-dependent
influence of chronic nicotine on a morphologically
discrete DLS MSN subpopulation.

EXPERIMENTAL PROCEDURES
Animals

All data analyzed in this study were derived from tissue
generated using experimental procedures that were
described in detail in a previously published study
(Ehlinger et al.,, 2016). Male Sprague-Dawley rats
(N = 32) (Harlan, IN, USA) arrived to the vivarium at
PN21, were housed in groups (n = 3-4) in standard
caging, and allowed ad libitum access to food and water.
The vivarium was controlled for temperature, humidity
and light cycle. All experimental procedures were carried
out in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals and
the George Mason University IACUC. Disclosure of hous-
ing and husbandry procedures was in accordance with
recommendations for standard experimental reporting in
behavioral neuroscience research (Prager et al., 2011).

Drugs and injection schedule

(-)-Nicotine hydrogen tartrate (Nicotine; Sigma Aldrich, St.
Louis, MO, USA) was dissolved in 0.9% saline and
administered at a dose of 0.5 mg/kg. R(+)-SCH-23390
hydrochloride (SCH-23390; Sigma Aldrich, St. Louis,
MO, USA) was dissolved in 0.9% saline and
administered at a dose of 0.05mg/kg. Physiological
saline (0.9% NaCl) was the vehicle control. All drugs
were administered subcutaneously at a volume of 1 mL/
kg. Drugs were administered during adolescence
(PN28-42) in rats that were randomly assigned to one of
four pretreatment-treatment groups (n = 8 per group):
(1) vehicle-vehicle, (2) SCH-23390-vehicle, (3) vehicle-
nicotine or (4) SCH-23390-nicotine. The pretreatment
drug (vehicle or SCH-23390) was administered exactly
20 min prior to the treatment drug (vehicle or nicotine).
Animals were dosed intermittently in their home-cage
every other day during an adolescent (PN28-42)
timeframe (eight total injections). Rats were grouped
housed throughout the course of the study, eliminating
isolation-induced stress effects.

Golgi-stain

Prior to Golgi staining there were 21 drug-free days
(PN42-63). On PNG63, rats were anesthetized with a
ketamine/xylazine  cocktail and then perfused
intracardially with 0.9% saline. The whole brain was
placed into a Golgi solution (mercuric chloride,
potassium chromate, and potassium dichromate) and
stored in the dark at room temperature for 14 days
(Golgi solution refreshed after two days). Brains were
then transferred into a 30% sucrose solution for three
days prior to sectioning. Brains were sectioned (200 pm;
coronal) on a vibratome and placed onto gelatinized
slides for processing. Sections were rinsed in dH50,
incubated in ammonium hydroxide followed by a
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developing solution (Kodak Rapid Fix), and dehydrated in
a graded series of EtOH solutions. Sections were then
cleared with a chloroform/xylene/alcohol solution, and
cover-slipped with a mounting medium (Permount,
Sigma Aldrich). These procedures are detailed in
several prior experiments (Bergstrom et al., 2010;
Ehlinger et al., 2016), and were adapted from a previous
protocol (Gibb and Kolb, 1998).

Imaging and 3D dendritic reconstruction

Golgi-stained MSNs from the dorsal striatum were
visualized using brightfield microscopy (Olympus BX51)
under a 60x objective connected to a Microfire CCD
camera and digitally/manually reconstructed in 3D using
Neurolucida (MBF Biosciences, Williston, VT, USA). All
experimenters were blinded to the experimental
conditions. MSNs were sampled randomly from both
hemispheres and identified by soma size (~10-20 um
diameter), stellate shape (spherical dendritic radiation),
the presence of three or more smooth primary
dendrites and higher order dendrites covered by a high
density of dendritic spines. Only fully stained MSNs
with dendrites unobstructed by neighboring cells or
blood vessels that could be followed from soma to
terminal tip without interruption were chosen for digital
reconstruction (Fig. 1). These neurons were most often
located in the middle of the tissue sections. The dorsal
striatum was hemisected to segregate the dorsal
striatum into lateral and medial “zones” based on the
corpus callosum anatomical boundary (Fig. 1). Neurons
that were located at >50pum from the hemisection
were chosen for reconstruction. A total of 222 MSNs
(DMS, n = 113; DLS, n = 109) were fully reconstructed
in 3D and will be submitted to Neuromorpho.org for
public availability.

Quantitative morphometric analysis

Morphometrics from reconstructed MSNs were obtained
using Neuroexplorer (MBF Biosciences, Williston, VT,
USA). Morphometric parameters obtained included total
dendritic length, total number of bifurcations, branch-
order analysis (centrifugal method; total dendritic length,
total number of branches, and average length as a
function of branch order), total terminal endings,
average distance between soma and bifurcations,
average distance between soma and terminal endings,
average distance between terminal endings, and volume
of the dendritic field (convex hull volume and surface).
Finally, the distribution of dendritic material was
assessed using 3D Sholl analyses (20 um concentric
increments) with parameters of dendritic length, number
of bifurcations, and intersections with Sholl radii.

For initial baseline comparisons between DMS and
DLS MSNSs, and interactions with pretreatment (vehicle
or SCH-23390) and/or treatment (vehicle or nicotine)
conditions, a mean value for each animal on each
morphometric measure, based on 3-4 MSNs
reconstructed per region/per animal, was used for
statistical analyses (n = 8 animals per pretreatment-

treatment group). All morphometric measures fit a
normal distribution within each group as assessed by
Shapiro-Wilk test. A mixed-ANOVA with the between-
subject factors of pretreatment drug (vehicle or SCH-
23390) and treatment drug (vehicle or nicotine) and the
within-subject factors of region (DMS and DLS) and
either distance from the soma (Sholl analysis) or
branch-order (branch-order analysis) was conducted.
Following significant interactions (p < 0.05), separate
mixed-ANOVAs within brain region followed by Tukey’s
post-hoc comparisons (significance at p < 0.05) were
conducted to determine (1) the effect of nicotine
(vehicle-vehicle vs. vehicle-nicotine), (2) the effect of
D1-receptor blockade on nicotine (vehicle-nicotine vs.
SCH-23390-nicotine) and (3) the effect of D1-receptor
blockade alone (vehicle-vehicle vs. SCH-23390-vehicle).
Violation of the assumption of sphericity for repeated
measures was corrected using the Greenhouse—Geisser
correction for degrees of freedom (superscripted letter
“a” proceeding an F value indicates Greenhouse—Geis
ser-corrected value for degrees of freedom). To further
assess the distance from the soma at which dendritic
remodeling occurs, comparisons between groups were
made at specific radii from the soma (Sholl analysis) or
branch order (branch-order analysis) using independent
t tests with significance determined as p < 0.05 at
consecutive radii or branch order (Bergstrom et al.
2010; Ehlinger et al., 2012, 2016).

To assess nicotine and D1-dependent dendritic
remodeling in morphological subpopulations of MSNs,
the median number of primary branches (first-order
branches extending from the soma) across all
pretreatment-treatment groups was obtained and
reconstructed MSN’s were segregated into “large”
(number of primary branches greater than 4) or “small”
(number of primary branches less than or equal to
four). In total, 90 MSNs fit a classification of large
(DMS, n = 46; DLS, n=44) and 122 MSNs fit a
classification of small (DMS, n = 67; DLS, n = 65).
This classification system was based on data
previously generated from bacterial artificial
chromosome (BAC) transgenic mice with MSN sub-type
specific fluorescent reporter expression (Gertler et al.,
2008), as well as data showing that nicotine does not
directly influence primary dendritic branches in the VS
(McDonald et al., 2005; Ehlinger et al., 2016). Mixed-
ANOVAs were performed as previously described, but
with an additional between-group factor of MSN cell-
type (large or small) followed by Tukey-Kramer post-
hoc comparisons (significance at p < 0.05), using mor-
phometric measures of individual cells for statistical anal-
ysis between groups.

Finally, a principal components analysis (PCA) was
performed to confirm that the structural features of large
and small subpopulations could be reproduced utilizing
an unbiased approach (i.e. without a priori knowledge of
potential MSN subpopulations). Thirteen morphological
parameters that are uniquely relevant to overall dendrite
morphology were obtained from NeuroExplorer for each
MSN from the entire collection of reconstructed cells.
These parameters were: total dendritic length, total
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correlation matrix was used to
assess individual parameters with a
component (factor) loading >0.40.
Component scores were obtained for
every reconstructed MSN, and used
to plot individual MSNs by
component 1 and component 2 (see
results section).

RESULTS

A quantitative morphometry of
DLS and DMS MSNs

First, we assessed overall differences
in dendritic morphology of MSNs
between dorsal striatal regions (DLS
and DMS) in vehicle treatment

<

@ animals (PN63). ANOVA revealed a

~ main effect of region on dendritic

&  length (Fu.1a = 10.470, p = 0.008),

0 . .
number of bifurcations
(F(1,14) = 6.981, p = 0019), and
intersections with sholl radii
(F(1’14) = 11296, p = 0005),

indicating an overall increased size
and complexity of baseline DLS
MSN dendrite morphology compared
to DMS MSNSs. In combination with
additional baseline differences in
morphology described in Table 1,
these results reveal a natural
asymmetry in  MSN  dendrite
morphology between the DLS and
DMS.

OIN / UsA

OIN / 06€€C-HOS

D1-receptor-dependent nicotine-

Fig. 1. Representative dorsal lateral striatum (DLS) and dorsal medial striatum (DMS) medium  jnduced dendrite remodeling in
spiny neuron (MSN) reconstructions and micrograph. (A) Boundaries of DLS (green) and DMS DLS and DMS

(blue). (B) Maps displaying the X-Y location of all reconstructed DLS (left) and DMS (right) MSNs.

Scale bar = 500 um. (C) Micrograph of Golgi-Cox stained MSN from the DMS imaged under a To examine whether nicotine induces

60x objective. Scale bar = 50 um. (D) Representative MSN reconstructions. X-axis, dorsal
striatum region. Y-axis, pretreatment/treatment group. Scale bar = 50 um. (For interpretation of

D1-dependent dendrite remodeling in

the references to color in this figure legend, the reader is referred to the web version of this article.) ~ dorsal striatum MSNs, we compared

intersections with Sholl radii, total bifurcations, total
terminal endings, number of first order branches,
average length of first order branches, number of late
order branches (>5th order), total length of late order
branches, average branch order (> [number of
branches within each branch order x branch order] -~
total number of branches), dendritic field volume (3D
convex hull), average radial distance from soma to
bifurcation, average radial distance from soma to
terminal endings, and average distance between
terminal endings (nearest neighbor). PCA was
performed in SPSS. A covariance association matrix
was obtained and assessed prior to continuing with the
PCA (Bartlett’s test of Sphericity, p < 0.001; Keyser-
Meyer-Olkin MSA > 0.70). Components with
eigenvalues >1.0 were assessed and subjected to
varimax rotation to obtain simple structure. The rotated

dendrite remodeling in DLS and DMS

MSNs from rats exposed to chronic

nicotine during adolescence, with or

without co-administration of the D1-
type dopamine receptor antagonist SCH-23390. For all
morphological parameters measured, no differences
were observed between vehicle-vehicle and SCH-23390-
vehicle pretreatment-treatment groups. Therefore,
representative DMS and DLS MSN reconstructions from
vehicle-vehicle, vehicle-nicotine, and SCH-23390-
nicotine pretreatment-treatment groups are displayed in
Fig. 1. In the DLS, mixed ANOVA revealed a significant
interaction between pretreatment (vehicle, SCH-23390)
and treatment (vehicle, nicotine) on total dendritic length
(F1,28) = 6.389, p = 0.017) and total intersections with
sholl radii (F¢28) = 6.065, p = 0.02), as well as a trend
toward an interaction for total number of bifurcations
(F1,28) = 2.996, p = 0.094). Within saline pretreatment
animals, nicotine significantly increased the total dendritic
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Table 1. Morphometric parameters of control DMS and DLS MSNs

Parameter Dorsal medial striatum Dorsal lateral striatum
n =58 n=>52
Average SEM Average SEM
Soma
Max Feret (um) 16.58 + 0.32 15.29 + 0.40
Min Feret (um) 10.71 + 0.23 9.49 + 0.24
Ratio 1.59 + 0.04 1.64 + 0.05
Dendrites
Branch order analysis
Total length (um) 1199.02 + 55.74 1413.04 + 64.18"
1st order 118.82 + 12.33 128.25 + 14.56
2nd order 327.40 + 21.33 311.20 + 20.66
>5th order 129.97 + 2411 269.73 + 42,56
Total branches (#) 25.53 + 0.99 29.38 + 1.25
1st order 4.57 + 0.17 4.42 + 0.16
2nd order 7.22 + 0.30 6.92 + 0.29
>5th order 2.38 + 0.41 4.81 + 0.72
Average length (um)
1st order 25.11 + 2.34 27.69 + 2.85
2nd order 44.53 + 1.89 44.00 + 2.10
>5th order 28.55 + 4.33 37.00 + 4.10
Sholl intersections (#) 49.41 + 2.38 58.56 + 2.67
Bifurcations (#) 10.53 + 0.48 12.50 + 0.62
Terminal endings (#) 15.05 + 0.52 16.90 + 0.64
Soma to bifurcation distance (um) 29.15 + 1.52 34.64 + 1.44
Soma to terminal distance (um) 101.57 + 2.59 111.06 + 2.73
Distance between terminal ends (um) 37.22 + 1.08 38.94 + 1.14
Convex hull volume (um?®) 447211.6 + 55458.3 616047.4 + 73520.35"
Convex hull surface (um?) 63485.57 + 3259.98 79687.17 + 4438.06°

DMS vs DLS, p < 0.05; “p < 0.10.

length (f{14] = 2.424, p = 0.030) and number of
intersections with sholl radii (f{14] = 2.935, p = 0.011) of
DLS MSNs (Tukey-HSD < 0.05). Statistical analysis also
revealed a trend toward a nicotine-induced increase in
total number of bifurcations (f{14] = 1.903, p = 0.078;
Tukey-HSD > 0.05). These alterations were most
prominent between 60 to 100 um from the soma. SCH-
23390 pretreatment completely blocked these nicotine-
induced increases in total dendritic length (f{14] = 2.632,
p = 0.020) and intersections with sholl radii ({14]
= 2.781, p = 0.015; Tukey-HSD < 0.05), and partially
decreased the number of bifurcations (f[14] = 2.446,
p = 0.028; Tukey-HSD > 0.05), of DLS MSNs (Fig. 2).
In contrast, no main effects or interactions between
pretreatment and treatment on dendritic length,
intersections with sholl radii, and number of bifurcations
were observed in the DMS. Collectively, these results
suggest that nicotine exposure selectively remodels
dendrites in the DLS, and that activity at D1-type
dopamine receptors during the time-course of nicotine
exposure is required for nicotine-induced DLS dendritic
remodeling. These results are strikingly similar to those
reported previously for ventral striatum (VS) MSNs
(Ehlinger et al., 2016).

Anatomical segregation and morphological
characterization of dorsal striatal MSNs

MSNs can be broadly classified into D1- and D2-type
dopamine receptor expressing cells (Gerfen et al., 1990)
corresponding to the direct and indirect striatal pathways,
respectively, with only a small population of MSNs
expressing both receptor-types (Perreault et al., 2011;
Gagnon et al., 2017). Therefore, it is possible that the
D1-dependent nicotine-induced restructuring of dendrite
morphology that we observe is subpopulation specific.
However, D1- and D2- type MSNs are randomly dis-
tributed throughout the striatum (Gangarossa et al.,
2013) and co-immunolabeling for these dopamine recep-
tor subtypes is not possible in rat Golgi stained tissue,
making a detailed cell-type specific classification of MSNs
a technical limitation. However, several reports in trans-
genic mice utilizing D1- and D2-receptor-dependent fluo-
rescent reporters have shown that these MSN subtypes
display unique dendritic morphologies in which D1-
receptor expressing MSNs contain a larger volume of
the dendritic arbor and/or a greater number of primary
dendrites extending from the cell body compared to D2-
expressing MSNs (Gertler et al., 2008; Gagnon et al.,
2017). Whether similar morphological features of dorsal
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A D et al., 2005, 2007; Ehlinger et al.,
. % DMS DLS 2016) confirming that nicotine does
2000 - - 400 - . ) -
not influence primary dendrite number
1500 - 300 4 or morphology, eliminating the poten-
E I B tial confound of subpopulation segre-
f 1000 - I f 200 - gation based on a morphological
=) = parameter that is influenced by nico-
S 500 S 100 1 & tine exposure.
0 .,/ \ X First, we assessed baseline
0 - 0 60 120 180 240 300 0 60 120 180 240 300 differences between large and small
DMS DLS Radius (um) MSN subpopulations ywthln the DMS
and DLS of vehicle treatment
B E animals. ANOVA revealed no main
100 - 15 - DMS * DLS effects nor interactions between cell
] % % type or region with pretreatment
£ 80 A — ® (vehicle or SCH-23390) on any
2 1 2 morphological measure examined
g 607 I 2 (pretreatment x cell type x region on
3 {1 3 p yp g
% 40 1 % total bifurcations, p = 0.178; on total
S 1 IS length, p = 0.308), therefore, further
20 1 analysis of baseline differences in
0 0 60 120 180 240 300 O 60 120 180 240 300 dendrite morphology between large
DMS DLS Radius (um) and small MSNs included cells from
both  vehicle and SCH-23390
C F DMS bLS pretreatment  (saline  treatment)
20 - 7 - animals. ANOVA revealed a
## 6 - Saline / Saline significant main effect of both region
£ 15 & 5. B Saline / Nic (F1.102) = 5.901, p =10.017) and
g I ‘g’ 4] "' M SCH-23390 / Nic Cell-type (F(1,102) = 5675,
2 104 & S 3] p = 0.019) on total dendritic length,
5 S | yet no effect on the total number of
m 5 | % 1 R bifurcations. However, a significant
] 0 . interaction between branch order
0 0 60 120 180 240 300 0 60 120 180 240 300 and cell-type was observed on total
DMS DLS Radius (um) dendritic length (F43.7,375.3) = 7.5086,

Fig. 2. Influence of nicotine and co-administered D1DR antagonist SCH-23390 on DLS and DMS  pranches

medium spiny neuron (MSN) dendrite morphology. No effects of SCH alone were found in any p < 0.001)
analyses. For clarity, data from SCH-Veh treatment animals are not presented. (A—C) Values ’ ’
represent group mean + SEM for each total morphological measure. “t-test and Tukey-HSD length
p < 0.05. #t-test or Tukey-HSD p < 0.10. (D-F) Sholl analyses (20 um increments). Each point

p < 0.001), number of dendritic

(Fa(z.a,342.7y = 13.431,
and average branch
(Fa@.4,4486) = 4.427, P
=0.001). Specifically, while large

represents group mean + SEM. “t-test for vehicle-vehicle compared to both vehicle-nicotine and  MSNs have a higher total number,

SCH23390-nicotine p < 0.05 at consecutive Sholl radii.

striatal MSNs translate to the rat has yet to be explored,
and classification of MSNs into subpopulations based on
distinct morphological features could reveal whether
nicotine-induced dendritic remodeling and blockade via
SCH-23390 is specific for dorsal striatal MSN
subpopulation.

To explore this possibility, we segregated
reconstructed MSNs from both the DLS and DMS using
a median-split on the number of primary branches into
“large” (>4 primary dendrites) and “small” (3—4 primary
dendrites) cell types (Fig. 3). This parameter was
chosen based on (1) previous reports in mouse models
suggesting that this parameter defines D1 and D2
expressing MSN subtypes (Gertler et al., 2008), (2) the
hypothesis that a similar criteria would translate to rat
Golgi-Cox stained tissue, and (3) data obtained from both
the present study (Fig. 2) and previous work (McDonald

length, and average length of

primary and secondary dendritic

branches, they also display a smaller

number, total length, and average
length of 5th and 6th order dendritic branches (Fig. 3,
Table 2). Collectively, these results suggest that despite
an overall greater total amount of dendritic material in
large MSNs as compared to small MSNs, their distal
dendritic arbors are initially less complex.

To further confirm this morphological classification of
MSN subpopulations, we asked whether an unbiased
(.,e. without a priori knowledge of potential
subpopulations) statistical method would reproduce
similar morphological features that could define MSN
subpopulations. To this end, 13 morphological
parameters that are representative of the overall size
and shape of the dendritic arbor were loaded into a
principal components analysis (PCA-varimax rotation)
and was applied to the entire collection of reconstructed
MSN (DMS and DLS; vehicle, nicotine, and SCH23390
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A Dorsal Medial Dorsal Lateral B

Striatum Striatum

Large MSN C

Large MSN

3 -2 -1 0 1 2 3

Small MSN

@ Large MSN @ Small MSN

Fig. 3. Segregation of DLS and DMS medium spiny neurons (MSNs) into “large” and “small” subpopulations. (A) Representative (£ SEM) MSN
reconstructions from vehicle treatment groups. Each primary dendrite and its corresponding dendritic tree is displayed in a different color to visualize
the number of primary dendrites in large vs. small MSNs. X-axis, dorsal striatum region. Y-axis, cell-type. Scale bar = 50 um. (B) Representative
(£ SEM) dendrograms of large and small MSNs from vehicle treatment groups. Dendrogram is colored by branch order. Large MSNs are
characterized by having >4 primary dendrites and a fewer number of 5th and 6th order branches, while small MSNs are characterized by having 3—
4 primary dendrites and a greater number of 5th and 6th order branches. Additional morphometric comparisons between the MSN subpopulations
are displayed in Table 2. (C) Plot comparing the entire collection of N = 222 reconstructed large (blue) and small (red) MSNs across principal
components (PC) 1 and 2, as defined in Table 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

pretreatment/treatment groups). The PCA extracted three
unique components (eigenvalues >1.0) accounting for
approximately 80% of the variance (Table 3). As
expected, parameters loading on to component 1
(36.5% of variance) reflect the variation in the total
amount of dendritic material, including all parameters
observed to be directly enhanced by nicotine exposure
as well as the total number of primary dendrites. Most
interestingly, parameters loading on to component 2
(26.7% of variance) indicated an anticorrelation between
the total number of primary branches and both the
quantity and total length of late order branches. This
finding illustrates that an accurate description of
variability in morphological features is revealed when
MSNs are segregated into large and small
subpopulations based solely on the number of primary
dendrites (Fig. 3). Finally, morphological parameters
loading in component 3 (17% of variance) appear to
reflect the “spread” of the dendritic arbor. Collectively,
these results confirm that the number of primary
dendrites present on MSNs represents a unique source
of variance in dorsal striatal MSN morphology that is
independent from variation in total dendritic material,
further supporting the segregation of MSNs into large
and small subpopulations based on the number of
primary branches.

D1-dependent nicotine-induced dendrite remodeling
is DLS subpopulation specific

Finally, we hypothesized that nicotine-induced dendritic
remodeling would be selectively enhanced in the large
MSN subpopulation, and that this class of MSN would
be uniquely impacted by SCH-23390 co-administration
during nicotine exposure. For large MSNs, a significant

interaction between pretreatment (vehicle, SCH-23390)
and treatment (vehicle, nicotine) was observed in the
DLS on the total number of bifurcations
(F1,40) = 7.763, p = 0.008) and a trend for total length
(F(1,40) = 3.052, p =10.09), as well as a significant
interaction between branch order, pretreatment, and
treatment on the number of dendritic branches
(Fa@.2,136.3) = 3.194, p = 0.021). For large MSNs of the
DLS, nicotine significantly increased the total number of
bifurcations ({{24] = 2.820, p = 0.009) and total
dendritic length (f{24] = 2.596, p = 0.016) (Tukey-
HSD < 0.05). SCH-23390 pretreatment completely
blocked the nicotine-induced increase in the total
number of bifurcations, but not total dendritic length, of
large MSNs within the DLS (f{17] = 2.501, p = 0.021;
Tukey-HSD < 0.05). These alterations in dendritic
morphology of large DLS MSNs were most prominent
in the distal dendritic arbor (5" and 6™ order branches)
(Fig. 4). In contrast, no main effects or interactions
between pretreatment, treatment, and branch order
were observed in DLS small MSNs or in DMS large
and small MSNs on any morphological measure
examined (Tukey-HSD > 0.05). Collectively, these
results suggest that nicotine selectively induces
dendritic remodeling in a morphological subpopulation
of DLS MSNs (large subtype) that are characterized by
their higher number of primary dendrites, while leaving
small MSNs of the DLS and all MSNs of the DMS
unaffected. Furthermore, co-administration of the D1-
type dopamine receptor antagonist SCH-23390 blocks
nicotine-induced dendritic remodeling in large DLS
MSNs, revealing that the observed subpopulation
specific effects of nicotine exposure during adolescence
are dependent on dopamine signaling at D1 receptors
during the time-course of nicotine exposure.
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Table 2. Morphometric parameters of control large and small MSNs within DMS and DLS
Parameter Dorsal medial striatum Dorsal lateral striatum
Large cells Small cells Large cells Small cells
n =27 n=31 n=22 n =30
Average SEM  Average SEM  Average SEM  Average SEM
Soma
Max Feret (um) 16.46 + 047 16.68 + 045 15.42 + 0.54 15.19 + 0.58
Min Feret (um) 11.31 + 0.30 10.19 + 032 9.66 + 0.33 9.36 + 0.35
Ratio 1.47 + 0.05 1.69 + 0.07 162 + 0.06 1.66 + 0.07
Dendrites
Branch order analysis
Total length (um) 1305.96 + 76.26 110584 =+ 77.68" 154225 <+ 85.02 1318.28 + 89.36"
1st order 149.74 + 18.68 91.89 + 1499 18742 + 2350 84.85 + 1412
2nd order 42389 + 3313 24335 + 16.82° 38847 & 3567 25454 + 19.09°
>5th order 66.29 +20.80 18543 + 3897 189.67 + 5256 328.44 + 61.43"
Total branches (#) 27.90 + 1.34 24.10 + 1.40 30.77 + 1.62 28.37 + 1.81
1st order 5.67 + 018  3.61 + 009 550 + 0.17  3.63 + 0.09°
2nd order 8.48 + 046  6.13 + 028 7.91 + 048  6.20 + 0.29°
>5th order 1.19 + 0.34 3.42 + 0.65 3.27 + 0.82 5.93 + 1.06"
Average length (um)
1st order 25.66 + 2.74 24.63 + 3.70 33.62 + 4.07 23.34 + 3.8"
2nd order 49.96 + 2.46 39.80 + 256 48.24 + 3.35 40.89 + 2.58"
>5th order 19.72 + 5.66 36.24 + 6.19° 3233 + 6.65 40.42 + 5.18
Sholl intersections (#) 54.07 + 3.35 45.35 + 3.25° 63.91 + 3.53 54.63 + 3.71"
Bifurcations (#) 10.85 + 0.68 10.26 + 0.69 12.64 + 0.81 12.40 + 0.90
Terminal endings (#) 16.43 + 0.69 13.85 + 071 18.14 + 0.82 16.00 + 0.92°
Soma to bifurcation distance (um) 26.13 + 1.81 31.77 + 237 35.05 + 2.51 34.35 + 1.72
Soma to terminal distance (um) 97.94 + 3.10 104.72 + 3.98 111.53 + 3.82 110.71 + 3.86
Distance between terminal ends (um) 34.74 + 1.23 39.37 + 1.64" 38.41 + 1.50 39.34 + 1.66
Convex hull volume (um?) 462621.6 + 87102.2 433790.0 + 72067.0 701301.6 + 93710.0 553527.6 + 107213.7
Convex hull surface (um?) 63963.62 + 4339.33 63069.20 + 4853.16 87414.20 + 6507.76 74020.68 + 5910.42
Large vs small within DMS or DLS, ‘p < 0.05; “p < 0.10.
DISCUSSION presence of the selective D1-receptor antagonist
. ) ) . o SCH-23390 during the time-course of nicotine exposure.
Neuroplasticity in the striatum underlies nicotine

reinforcement and the progression to addiction (Everitt
and Robbins, 2005). Dendritic remodeling is a fundamen-
tal form of neuroplasticity commonly observed after
chronic exposure to all drugs of abuse (Russo et al.,
2010), including nicotine (Smith et al., 2015b). While the
ventral striatum has consistently been associated with
persisting changes in the morphology of dendrites after
nicotine (Brown and Kolb, 2001; McDonald et al., 2005,
2007; Ehlinger et al., 2016), in this study we asked
whether nicotine similarly remodels dendrites in the dorsal
striatum. First, this study revealed a pre-existing asymme-
try of MSN dendritic complexity in which DLS MSNs exhi-
bit more dendritic complexity compared to DMS MSNs.
Second, chronic nicotine induced a robust, selective,
and persistent increase in the size and complexity of
MSNs of the DLS, but not DMS. Third, a unique morpho-
logical feature of dorsal striatal MSNs was revealed in
which the number of primary dendrites was negatively
correlated with the number of distal dendrites, and nico-
tine selectively increased the complexity of the distal den-
dritic arbor in a MSN subpopulation defined by a higher
number of primary dendrites. Finally, structural plasticity
of this DLS subpopulation was totally reversed in the

Asymmetry of MSN dendritic complexity across the
mediolateral axis of the dorsal striatum

GABAergic projection medium-spiny neurons (MSN)
represent 95% of neural cell-types in the striatum
(Gerfen and Wilson, 1996; Gertler et al., 2008). An unex-
pected finding in the present experiment was a robust,
naturally existing asymmetry in the size and complexity
of MSNs across the DLS and DMS. Specifically, DLS
MSN dendritic arbors were found to be larger overall
(17.8% difference) and more complex, based on nodes
and bifurcation number, compared to MSN dendritic
arbors found in the DMS (Table 1). Even within morpho-
logically defined MSN subpopulations, both large and
small MSNs were found to be larger in the DLS than in
the DMS (Table 2). To our knowledge, this is the first evi-
dence suggesting a naturally existing asymmetry of MSN
dendrite morphometry across the mediolateral axis of the
DS. This finding has important implications for the norma-
tive subnetwork functionality of the striatum, as dendritic
morphometry can shape information processing of neural
networks (Chklovskii et al., 2004; Stuart et al., 2016). Nat-
urally greater elaboration and complexity of MSN dendritic
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Table 3. PCA rotated components matrix

Component
Parameter PC1 PC2 PC3
Total length 0.94
Total intersections 0.93
# Terminal ends 0.88
Total bifurcations 0.79 0.51
Convex hull volume 0.72 0.43
Avg. branch order 0.90
# Late order branches 0.86
Total length — late order branches 0.82
# First order branches 0.58 —-0.64
Terminals — nearest neighbor 0.83
Terminals — distance from soma 0.52 0.72
Average length first order branches 0.61
Bifurcations — distance from soma 0.40 0.51

Only factor loadings >0.40 are displayed for clarity.
Parameters uniquely or differentially loading within components are in bold text.

arbors may confer differential information-processing
capability in the DLS and DMS, including (but not limited
to) habitual responsivity and addiction related behavior.

The DLS, habits, and nicotine addiction

Dendritic remodeling is a fundamental form of circuit
plasticity associated with changes in synaptic and
functional network connectivity (Stepanyants and
Chklovskii, 2005), and multiple drugs of abuse have been
found to produce lasting and preferential changes on neu-
ronal structure in the dorsal lateral striatum. Metham-
phetamine produces a long-lasting (3 months) increase
in the density of dendritic spines in the DLS, but a
decrease in spine density in the DMS (Jedynak et al.,
2007). Alcohol increased the length of dendrites in mouse
DLS (DePoy et al., 2013) and increased the density of
spines in the primate putamen (DLS analog), but not cau-
date (DMS analog) nucleus (Carlson et al., 2011). Chronic
stress has also been found to increase the complexity of
dendrites in the DLS, but not DMS (Taylor et al., 2014), a
finding that is of particular interest in view of the role of
stress in promoting drug-taking and habit formation
(Schwabe et al., 2011). The current data support and
extend these findings by demonstrating a lasting form of
dendritic restructuring that is selective for the DLS follow-
ing chronic nicotine exposure during adolescence. Con-
sidering the role of the DLS in the expression of habitual
behavior (Yin and Knowlton, 2006; Graybiel and
Grafton, 2015), these data support an addiction model
whereby long-lasting modifications in dendritic structure
in the DLS may promote addictive behavior. Furthermore,
given that addiction is defined by persisting changes in
mesolimbic neuronal circuits over protracted time frames
(O’Brien and McLellan, 1996), long-lasting structural alter-
ations in DLS dendrites may represent a ‘“nicotine
engram” that underlies and contributes to an increased
propensity for relapse (Hsiang et al., 2014).

Despite the absence of nicotine-induced structural
alterations in the DMS in the present study, DMS
neuroplasticity has been observed following exposure to
several classes of addictive drugs, including structural
and functional changes after alcohol (Wang et al., 2015;

Cheng et al.,, 2016), cocaine (Gourley et al., 2013),
methamphetamine (Furlong et al., 2015) and nicotine
(Clemens et al., 2014). However, most of these studies
assayed neuroplasticity in the DMS at relatively short time
frames following cessation of drug exposure. In a
between-subject experimental design, we have previously
demonstrated a lasting form of dendritic remodeling in the
ventral striatum that was present both immediately follow-
ing the cessation of chronic nicotine and that persisted
through an extended abstinence period (21 days)
(Ehlinger et al., 2016), suggesting neuroadaptations in
the VS emerge rapidly, likely during drug administration.
It is possible that dendritic remodeling in the DMS may
have emerged rapidly, but then returned to a “baseline”
morphology over the course of protracted withdrawal
(21-days). This model would sharply contrast with the pre-
sent data for the DLS, indicating that neuroadaptations in
the DLS emerged either during nicotine administration, or
over the course of protracted withdrawal, and persisted
for at least 21 days following the nicotine regimen. The
potential for contrasting temporal dynamics of persisting
nicotine-induced dendritic plasticity in the DLS and DMS
would parallel evidence for contrasting functionality of
these regions in reinforcement learning and memory
(Balleine and O’Doherty, 2010). Specifically, it can be
speculated that habit performance requires a more per-
sisting form of neuroplasticity, while flexible, goal-
directed learning requires a less permanent form of plas-
ticity for the establishment of action selection sequences.

The adolescent brain responds differently to all drugs
of abuse, including nicotine (Spear, 2016). Here, nicotine
was administered during adolescence (PN28-42) and
lasting changes in DLS dendrite structure were observed
in early adulthood (PN63). How the observed pattern of
morphological changes extend to the adult brain is an
open question. Nicotine exposure during adolescence
has been shown to enhance structural plasticity in the
VS when directly compared to adult exposure
(McDonald et al., 2007). It might be expected that adult
exposure would produce a similar, albeit smaller, pattern
of structural changes in DLS MSNs. There are also data
in adolescent humans (12—16 years old) showing a reduc-
tion in gray matter in the putamen (DLS analog) compared
with adults (Sowell et al., 1999). Consistent with the view-
point that the unique development profile of the adoles-
cent brain may confer differential vulnerability to drug-
induced plasticity as compared with the adult brain
(Smith et al., 2015b), ongoing neurodevelopment of the
adolescent DLS may render it uniquely susceptible to per-
sisting nicotine-induced plasticity.

Persisting effects of chronic nicotine in a putative
DLS direct pathway

Emerging evidence indicates that drugs of abuse
differentially modify the structure and function of the
direct (D1-type) and indirect (D2-type) striatal pathways
(Lobo and Nestler, 2011; Bock et al., 2013; Wang et al.,
2015). Using BAC-transgenic mice, D1-type (direct path-
way) striatal MSNs have been found to possess more pri-
mary dendrites and an overall great amount of dendritic
material relative to D2-type (indirect-pathway) striatal
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Fig. 4. Influence of nicotine and co-administered D1DR antagonist SCH-23390 on large and small
medium spiny neurons (MSNs) from the DLS and DMS. No effects of SCH alone were found in any
analyses. For clarity, data from SCH-Veh treatment animals are not presented. (A, B). Values
represent mean of all cells £ SEM for each total morphological measure. “t-test and Tukey-HSD
p < 0.05. (C, D) Branch-order analyses (centrifugal method: 1 = primary dendrite). Each point
represents mean of all cells = SEM. “t-test for vehicle-vehicle compared to both vehicle-nicotine

and SCH23390-nicotine p < 0.05. #p < 0.10.

MSNs (Gertler et al., 2008; Gagnon et al., 2017). Here,
not only do we report that chronic nicotine exposure dur-
ing adolescence preferentially increases the complexity of
DLS MSNs that display more primary dendrites and a lar-
ger overall dendritic arbor, but that D1 antagonist co-
administration completely reversed these effects. There-
fore, we speculate that the present data reflect nicotine-
induced restructuring preferentially in, or in a larger pro-
portion of, direct pathway MSNSs. This conclusion is tenta-
tive as it is not possible to neurochemically profile these
morphologically defined subtypes in Golgi-stained tissue.

1

1

Branch Order

Furthermore, there is no firm “cut-off”
for the number of primary dendrites
that designates D1 from D2-type
MSNSs; it is more likely that D1- and
D2-type MSNs exist along a morpho-
logical continuum. Nevertheless, the
present study reveals that nicotine is
selective for a morphological subtype
of MSN expressing a higher number
of primary dendrites, selectively within
the DLS, and that co-administration of
a D1 antagonist prevented the expan-
sion of dendritic complexity within this
subpopulation. The application and
further development of cell-type-
specific technologies that can be used
in the rat and are capable of illuminat-
ing the entire dendritic arbor while
maintaining both sparse labeling and
neurochemical integrity (e.g. viral-
mediated gene transfer, fluorescent
reporters, DiOlistic labeling), will be
required to confirm the phenotype of
these morphologically defined sub-
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DLS types (Gertler et al., 2008; Gagnon
et al.,, 2017).

Several factors could account
for cell-type specificity of nicotine-
induced dendritic remodeling

= revealed in the present study.
First, unique molecular
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aam

characteristics of dopamine D1
receptor (D1R) vs. D2R signaling
would certainly be expected to

234567
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:gfgm‘zgg‘;%/h‘m differentially  influence  structural
plasticity between MSN subtypes.
Most  prominently, D1Rs are
positively coupled to the cAMP-
PKA pathway while D2Rs are

negatively coupled to the cAMP-
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Branch Order

PKA pathway (Gerfen and
Surmeier, 2011; Lobo and Nestler,
2011), leading to differences in
intracellular signaling that can pro-
foundly influence the pattern of
gene ftranscription responsible for
structural plasticity within cell-types
(Nestler, 2004), as evidenced by
enhanced and long-lasting delta-
FosB expression preferentially in
D1 MSNs following cocaine expo-
sure (Lobo et al., 2013). Second, the precise pharma-
cological mechanisms by which different
psychostimulants influence dopamine transmission to
the striatum could lead to different patterns of struc-
tural plasticity across MSN subtypes. For example,
cocaine has been shown to influence structural remod-
eling in both D1 and D2 cell types (Li et al., 2012).
Importantly, while cocaine acts directly on dopaminer-
gic terminals in the striatum by blocking the dopamine
active transporter, nicotine enhances dopamine release

23 4567
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in the striatum via action on nicotinic acetylcholine
receptors that are located on both midbrain dopamin-
ergic cell bodies (Picciotto et al., 1998) and axons
(Rice and Cragg, 2004; Zhang and Sulzer, 2004), act-
ing to preferentially increase phasic dopaminergic neu-
ron activity and enhance striatal dopamine release.
Although single dopaminergic axons are extremely
large and are likely to innervate both MSN subpopula-
tions within a given striatal region, an intriguing possi-
bility is that the altered activity pattern of midbrain
dopamine neurons during nicotine exposure preferen-
tially influences D1 vs D2 MSNs. In fact, the projec-
tions and activity patterns of non-dopaminergic
neurotransmitter systems could differentially influence
the neuroplastic effects of dopamine on striatal MSN
subtypes. For example, glutamate-induced excitatory
post-synaptic currents (EPSCs) are differentially modu-
lated by dopamine in MSNs (Andrée et al., 2010).
Heinsbroek and colleagues (2017) revealed that
GABAergic long-term depression (LTD), a form of
synaptic plasticity, is maintained for at least 28-days
only on D1R expressing MSNs and is disrupted on
D2R expressing MSNs following cocaine exposure
(Heinsbroek et al., 2017). Most recently, it was shown
that while the activity of GABAergic interneurons within
the DLS is initially strengthened during reinforcement
learning it diminishes with increasing experience (Lee
et al.,, 2017), suggesting additional mechanisms for
both regional and cell-type specific effects of nicotine.
Therefore, differences in dopaminergic, glutamatergic
excitatory, and GABAergic inhibitory control of direct
vs. indirect pathway MSNs are likely influences on
the pattern of D1R-dependent nicotine-induced den-
drite remodeling revealed in the present study.

Morphological properties of MSNs

A segregation of dorsal striatal MSNs into morphological
subpopulations revealed a naturally existing negative
correlation between primary dendrites and higher order
branching. That is, MSNs with more proximal (primary)
branches had fewer distal branches and vice versa
(Fig. 3). It was also shown that nicotine selectivity
increases branching at the distal portion of the dendritic
tree only in MSNs with relatively more primary
dendrites. One hypothesis for a selective effect of
nicotine is that MSNs with relatively few distal branches
possess an increased capacity for plasticity, or
alternatively, are more vulnerable to nicotine-induced
plasticity. This possibility will require an in vivo imaging
approach to test directly. Another interesting possibility
is that nicotine might have produced a new
morphological subtype that is distinct from both large
and small MSN subpopulations and defined as cells with
both a higher number of primary dendrites and more
complex branching of the distal arbor. How these
morphological changes specifically influence both large-
scale network processing (e.g. corticolimbic circuitry)
and/or the intrinsic microanatomy (i.e. interneuron
connectivity) of the striatal system are important
directions for future research.

CONCLUSIONS

More people in the United States are addicted to nicotine
than any other abused drug (CDC, 2015). The present
study provides evidence for a persistent, regionally selec-
tive, cell-type specific, and D1-dependent form of struc-
tural plasticity in the dorsal striatum in response to
chronic nicotine. This research highlights the complex
and substantial impact of nicotine on the developing ado-
lescent brain, and adds to a growing list of corticolimbic
brain regions and cell-types exhibiting a lasting, selective
form of structural remodeling after nicotine that now
includes the ventral striatum (Brown and Kolb, 2001;
McDonald et al., 2005, 2007; Ehlinger et al., 2016), baso-
lateral amygdala (Bergstrom et al., 2010), insular cortex
(Ehlinger et al., 2012), prefrontal cortex (Bergstrom
et al., 2008), hippocampus (Holliday et al., 2016) and
bed nucleus of the stria terminalis (Smith et al., 2015a).
Considering the critical role for the dorsal striatum in
instrumental learning and the expression of habitual
behavior, lasting changes in the dendritic architecture of
the dorsal striatum represent an important network node
for studying nicotine effects on the developing adolescent
brain.
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