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Subregional, Dendritic Compartment, and Spine Subtype
Specificity in Cocaine Regulation of Dendritic Spines in the
Nucleus Accumbens
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Numerous studies have found that chronic cocaine increases dendritic spine density of medium spiny neurons in the nucleus accumbens
(NAc). Here, we used single-cell microinjections and advanced 3D imaging and analysis techniques to extend these findings in several
important ways: by assessing cocaine regulation of dendritic spines in the core versus shell subregions of NAc in the mouse, over a broad
time course (4 h, 24 h, or 28 d) of withdrawal from chronic cocaine, and with a particular focus on proximal versus distal dendrites. Our
data demonstrate subregion-specific, and in some cases opposite, regulation of spines by cocaine on proximal but not distal dendrites.
Notably, all observed density changes were attributable to selective regulation of thin spines. At 4 h after injection, the proximal spine
density is unchanged in the core but significantly increased in the shell. At 24 h, the density of proximal dendritic spines is reduced in the
core but increased in the shell. Such downregulation of thin spines in the core persists through 28 d of withdrawal, whereas the spine
density in the shell returns to baseline levels. Consistent with previous results, dendritic tips exhibited upregulation of dendritic spines
after 24 h of withdrawal, an effect localized to the shell. The divergence in regulation of proximal spine density in NAc core versus shell by
cocaine correlates with recently reported electrophysiological data from a similar drug administration regimen and might represent a key
mediator of changes in the reward circuit that drive aspects of addiction.

Introduction
GABAergic medium spiny neurons (MSNs), the predominant
cells of the nucleus accumbens (NAc), play a major role in drug
addiction. In response to chronic cocaine, MSNs undergo dra-
matic, long-lasting adaptations on an epigenetic, transcriptional,
morphologic, and electrophysiologic level (Kalivas, 2009; Russo
et al., 2010; LaPlant and Nestler, 2011). MSNs reside in two func-
tionally and anatomically distinct subregions of the NAc: the core
and shell. These two populations of MSNs have different afferent
and efferent projections (Zahm, 2000) and are thought to play
different roles in shaping reward behavior (Ito et al., 2004). Re-
cent work in brain slices has identified that the core and shell have
opposite cocaine-induced adaptations in intrinsic excitability
(Kourrich and Thomas, 2009). Despite this, cocaine-induced up-
regulation of dendritic spines is generally thought to occur in
concert within the two subregions, perhaps because most studies
have either explicitly focused on one subregion (Robinson and
Kolb, 1999; Shen et al., 2009; Kiraly et al., 2010) or have combined

core/shell data (Lee et al., 2006; Pulipparacharuvil et al., 2008;
Russo et al., 2009).

Furthermore, previous reports have focused on distal den-
drites, quantifying spines at or near their tips. This emphasis is
primarily based on an early report (Li et al., 2003) showing that
long-term psychostimulant-induced spine changes occur in dis-
tal but not proximal dendrites. Recently, there has been a growing
awareness of functional differences between dendritic compart-
ments (Spruston, 2008); for example, proximal spines are pri-
marily involved in local feedforward excitation, whereas distal
spines are associated with nonlinear events, such as NMDA spikes
in pyramidal neurons (Larkum et al., 2009) and generation of
prolonged “up states” in NAc MSN tips (Plotkin et al., 2011).
This added potential for dichotomy in drug-induced changes in
different dendritic compartments, together with the notable dif-
ference in our model versus that studied by Li et al. [male mice
treated with cocaine in our model versus female rats treated with
amphetamine in (Li et al., 2003)], prompted us to focus on the
relatively ignored proximal dendrites.

To date, dendritic spine quantification has primarily relied on
manual counts of projected 2D images. Shen et al. (2009) were
the first to use 3D spine counting methods in MSNs from
cocaine-treated animals, demonstrating not only a dramatic den-
sity difference between 2D Golgi and 3D DiI methods but also a
selective bias against thin spines in 2D counts. This is a crucial
disadvantage in light of the growing awareness of the importance
of thin spines in addiction (LaPlant et al., 2010) and other models
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of plasticity (Kasai et al., 2010). Therefore, to fully appreciate the
morphological adaptations that occur in NAc core and shell after
chronic cocaine administration, we analyzed 118,940 spines in
3D, using single-cell microinjections in fixed brain sections from
mice after 4 h, 24 h, or 28 d of withdrawal. Our findings, alongside
other recent findings that differ from early reports (Shen et al.,
2009; Dobi et al., 2011), highlight multilevel dichotomies in spine
regulation and indicate the importance of careful attention to
individual components within the microcircuit.

Materials and Methods
Animals and cocaine injections. Adult male C57BL/6J mice (The Jackson
Laboratory) were habituated in our facility 1 week before experimenta-
tion and housed on a 12 h light/dark cycle with access to food and water
ad libitum. All animal experiments were approved by the Institutional
Animal Care and Use Committee of Mount Sinai School of Medicine.
For experiments looking at 4 and 24 h time points, we used a standard
cocaine injection procedure: seven daily intraperitoneal injections of 20
mg/kg cocaine (Renthal et al., 2009; LaPlant et al., 2010). All mice were
injected in their home cages between Zeitgeber time 10 and 12. For
experiments evaluating 28 d of withdrawal, we used the same cocaine
dose but daily injections for 28 d (Robinson and Kolb, 1999; Lee et al.,
2006; LaPlant et al., 2010). Controls were injected with saline in tandem
with their experimental group counterparts. Because of the large total
number of animals used in the study, subjects for each of the three ex-
periments (4 h, 24 h, and 28 d) were processed at different times. There-
fore, absolute values for spine morphometrics of saline controls and
cocaine-injected subjects for each of the three experiments should not be
directly compared because of potential differences resulting from use of
multiple animal batches.

Single-cell microinjection. A detailed description of our protocol was
published recently (Dumitriu et al., 2011). Briefly, mice were perfused
with 4% paraformaldehyde and 0.125% glutaraldehyde in 0.1 M phos-
phate buffer. Brains were transferred into 0.14 M phosphate buffer with
0.9% saline and sectioned into 250 �m slices. Cells in NAc core and shell
were impaled with a micropipette containing 5% Lucifer yellow (Invit-

rogen), injected with 1–10 nA of current, and mounted for confocal
microscopy. Because of the heterogeneous nature of the NAc, great care
was taken to identify the same subregion of the core and shell in each
animal. In the anteroposterior axis, we chose the section closest to
bregma �1.42 mm. In the rare event that we needed more than one
section to get the minimum of six core and six shell cells, we performed
additional injections in the section immediately anterior or immediately
posterior to the reference section. Thus, all sampled cells are located
�1.42 � 0.25 mm anterior to bregma. In the dorsoventral axis, we chose
the medial portion of the NAc, which we defined by the region between
two imaginary lines drawn between the dorsal and ventral borders of the
left and right anterior limb of the anterior commissure (Fig. 1 A).

Confocal imaging. Proximal dendrites were defined as the middle por-
tions of terminal dendrites, specifically avoiding the initial aspiny por-
tion and the distal 30 �m (Fig. 1 A, red boxes). On average, proximal
dendrites were located 51 � 1 �m from the soma, with a range of 24 –100
�m. Reducing the range of distances from the soma was limited by the
effort of finding dendrites that are parallel to the plane of the section to
minimize the imaging time (dendrites that are perpendicular to the plane
of the section require significantly larger z-stacks). Distal dendrites were
defined as the most distal 30 �m, i.e., the tips of dendrites (Fig. 1 A, blue
box). z-Stacks were acquired using a 0.033 � 0.033 � 0.33 �m 3 voxel size
on an inverted Carl Zeiss LSM 710 confocal microscope equipped with a
100 � 1.4 numerical aperture oil-immersion objective (Fig. 1 B). For
proximal dendrites, on average 12 dendrites from six neurons were im-
aged for each animal (i.e., two dendrites per cell; average total dendritic
length, 738 � 22 �m/animal; n � 4 – 8 animals per group). For distal
dendrites, on average six dendrites from six neurons were imaged for
each animal (i.e., one dendritic tip per cell; average total dendritic length,
365 � 10 �m/animal; n � 4 – 8 animals per group). The vast majority of
distal dendrites were imaged from the same cells that were included in the
proximal dendrite analysis.

Spine analysis. Images were deconvolved using AutoDeblur (Media-
Cybernetics; Fig. 1 B), and spine analysis was performed using the semi-
automated software NeuronStudio (http://research.mssm.edu/cnic/
tools-ns.html), which analyzes dendritic length, dendritic width, spine

Figure 1. Experimental design. A, A 10� image of NAc core and shell microinjected neurons with corresponding diagram from the Paxinos mouse brain atlas (Paxinos and Franklin, 2001). Medial NAc
neurons were microinjected �1.42 � 0.25 mm anterior to bregma. Boxes represent the subcellular location of dendritic imaging, with red boxes representing proximal dendrites and blue box representing a
dendritic tip. Scale bar, 100�m. B, Projections of a high-resolution 3D confocal stack before and after deconvolution in the x–y and y–z direction. C, NeuronStudio 3D automatic identification, measurement, and
classification of spines: yellow, thin; orange, mushroom; purple, stubby. D, Ten small-diameter and 10 large-diameter dendrites were analyzed semiautomatically with NeuronStudio and then manually by
counting visible spines in 2D projected images. The percentage of 3D spines visible in 2D projected images is plotted, with circles indicating individual dendrites and lines indicating mean � SEM. There is a
significant difference between the two groups ( p � 0.01), pointing to the difficulty in comparing 2D and 3D methods. *p � 0.05.
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number, and spine head diameter in 3D (Fig. 1C). NeuronStudio further
classifies spines into three major morphologic types: thin, mushroom,
and stubby (Fig. 1C). After NeuronStudio processing, a human operator,
blinded to the condition, verified that all 118,940 spines from 1315 den-
drites had been appropriately identified and manually corrected any er-
rors in spine identification. Because each of the three experiments (4 h,
24 h, and 28 d) was processed at different times, direct comparison of
absolute values for spine densities for saline and control groups cannot be
made between different experiments.

The significant difference in spine density counts between 2D meth-
ods, such as Golgi, and 3D methods, such as serial section electron mi-
croscopy, have been recognized for many years (Hama et al., 1989). We
recently showed that our 3D spine counting method using high-
resolution confocal microscopy, deconvolution, and NeuronStudio
yields spine morphometric measurements that precisely match data ob-
tained with the gold standard of serial section electron microscopy, albeit
in a fraction of the time (Dumitriu et al., 2011). The relationship between
2D and 3D spine density counts has been shown previously to be more
than a mere difference in magnitude (Vecellio et al., 2000). The percent-
age of true spines observed in a 2D image depends on factors such as
dendritic diameter (thicker dendrites conceal higher proportions of
spines) and spine length (shorter spines are less likely to protrude from
the axis of the dendrite). To directly and experimentally characterize one
aspect of the relationship between 2D and 3D counts in our model, we
selected 10 large-diameter dendrites (average diameter, 1.1 � 0.02 �m)
and 10 small-diameter dendrites (average diameter, 0.50 � 0.01 �m) and
compared our 3D semi-automated counts with 2D counts performed on
Z-projected images of the same dendrites (Fig. 1 D). Consistent with
previous results (Vecellio et al., 2000), we found that the proportion of
3D spines seen in 2D projected images is significantly higher in small-
diameter dendrites (53 � 3 vs 44 � 2% in small- versus large-diameter
dendrites, p � 0.01; Fig. 1 D). Thus, two dendrites of different thickness
but with the same 3D density could appear to have up to a 20% difference
with 2D analysis (the difference between 44 and 53%). As an example, let
us assume that an animal has an average density of 3 spines/�m and an
average dendrite diameter of 1 �m. The animal then receives a pharma-
cological manipulation that decreases spine density by 10% and de-
creases dendrite diameter to 0.5 �m. If the spine density is obtained using
3D counting, the animal will be recorded to have 3.00 spines/�m before
and 2.70 spines/�m after the manipulation. However, if the density is
obtained using 2D counting, the animal will be recorded as having 1.32
spines/�m before (44% of 3.00 spines/�m in dendrite of 1 �m diameter
are visible) and 1.43 spines/�m after (53% of 2.70 spines/�m in dendrite
of 0.5 �m diameter are visible) the manipulation. Thus, the animal will
be recorded as having a 10% decrease in density with the 3D method and
an 8% increased spine density using the 2D method. The 2D/3D relation-
ship becomes much more complex when spine length is also taken into
consideration and is beyond the scope of our discussion here. Our inten-
tion is not to fully characterize the origin of the difference in results
obtained with 2D versus 3D methods but rather to point out that only
limited comparisons can be made between our studies and previous
studies using 2D methods, such as Golgi.

Statistical analysis. Excel, Matlab, and GraphPad Prism were used.
Total and subtype spine densities were calculated by dividing the total
number of spines by the length of the dendritic segment. The average
proximal or distal spine density and dendrite diameter for each neuron
was then calculated, followed by the total average density/diameter for
each brain region in each animal. Group data are reported as mean �
SEM using each animal average in a given group. Cumulative distribu-
tions are unsmoothed and contain all dendrites or spines in a given
group. Distribution differences were evaluated using the Kolmogorov–
Smirnov (K–S) test. Binned data were generated first by animal and then
by group. Statistical differences for group data were measured using
two-way Student’s t test. Statistical differences for spine subtype density
and size (binned data) were measured using two-way ANOVA and two-
way repeated-measures ANOVA, respectively, and the post hoc tests were
performed using the Bonferroni method.

Results
Chronic cocaine oppositely regulates proximal dendritic
spine density in NAc core versus shell
Individual MSNs from the NAc core and shell of mice were mi-
croinjected with Lucifer yellow at 4 or 24 h after seven daily
cocaine or saline injections (Fig. 1A). High-resolution confocal
z-stacks of proximal dendrites (for details, see Materials and
Methods) were obtained and deconvolved (Fig. 1B). Unbiased
spine morphometric analysis in 3D was then performed semi-
automatically by a blind experimenter using NeuronStudio (Ro-
driguez et al., 2008) (Fig. 1C), a method shown recently to yield
data highly congruent with serial section electron microscopy for
morphometric analysis of spines (Dumitriu et al., 2011).

At 4 h, we observed no significant difference in the average
spine density (t test, p � 0.56) or distribution of proximal
spine densities plotted as a cumulative frequency (K–S test,
p � 0.7) in the NAc core (Fig. 2 A). However, in the shell of
these same animals, there was a significant increase in average
proximal spine density (10% increase from 2.58 � 0.05 to
2.83 � 0.09 spines/�m, t test, p � 0.04) and a significant shift
in the distribution of densities along individual dendrites
(K–S test, p � 0.007) (Fig. 2 B). Interestingly, the cumulative
distribution in Figure 2 B indicates that the initial addition of
new spines is not random. Low-density dendrites seem unaf-
fected by cocaine (black and red lines are superimposed below
the 50th percentile), suggesting that the new spines are pref-
erentially added with circuit specificity, perhaps by activity-
dependent spine consolidation.

At 24 h after the last injection, the divergence in the regulation
by cocaine of proximal spine density in NAc core versus shell was
even more striking (Fig. 2C,D). The increase in MSN proximal
spine density in the shell was enhanced (16% increase from
2.67 � 0.10 to 3.09 � 0.08 spines/�m, t test, p � 0.008) and
extended to all dendrites as indicated by a generalized rightward
shift in the cumulative frequency of spine density of dendrites
from cocaine-injected mice (K–S test, p � 2 � 10�5) (Fig. 2D).
Conversely, in the core, there was a significant decrease in prox-
imal spine density (10% decrease from 3.81 � 0.13 to 3.41 � 0.12
spines/�m, t test, p � 0.04), as well as a corresponding general-
ized leftward shift in the cumulative frequency of spine density of
individual dendrites (K–S test, p � 0.03) (Fig. 2D).

Chronic cocaine increases proximal dendritic diameter in the
NAc shell but not core
Through its actions on input resistance, dendritic diameter plays
a major role in affecting how signals at the synapse are ultimately
propagated to the soma to initiate action potentials. Little is
known about how changes in spine density influence dendrite
diameter and vice versa. In light of the dramatic effects of cocaine
on proximal spine density in NAc (Fig. 2A–D), we assessed den-
dritic diameter using NeuronStudio. The mean diameters were
obtained for the 709 dendrites that were imaged and analyzed by
a blind operator for the above spine density measurements. We
found the average proximal dendrite diameter to be significantly
increased in the shell after 4 h (Fig. 2E, 7% increase from 0.74 �
0.02 to 0.79 � 0.01 �m, t test, p � 0.04) or 24 h (Fig. 2F, 8%
increase from 0.75 � 0.01 to 0.81 � 0.03 �m, t test, p � 0.04) of
cocaine withdrawal. No significant change in proximal diameter
was observed in the core at either time point (Fig. 2E,F, t test, p �
0.10 and p � 0.29, respectively).
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Cocaine regulation of NAc proximal
spine density is restricted to a selective
and opposite effect on thin dendritic
spines
Do the above changes in NAc proximal
spine density reflect a nonspecific regulation
of all types of dendritic spines or does co-
caine affect specific subtypes? To answer this
question, we took advantage of the Neuron-
Studio unbiased classification of spines into
three well described morphologic subtypes:
thin, mushroom, and stubby. As noted pre-
viously, NeuronStudio’s measurement of
dendritic spine size—the basis for classifica-
tion into subtypes—has been validated by
comparison with serial section electron mi-
croscopy (Dumitriu et al., 2011). We found
that all of the observed effects on spine den-
sity could be attributed to a selective gain or
loss of thin spines.

Consistent with the observation that
overall proximal spine density was un-
changed in the NAc core at 4 h of cocaine
withdrawal, we observed no significant dif-
ference in any of the three spine types in this
group [Fig. 3A, two-way ANOVA, no inter-
action, drug effect (cocaine, saline) � spine
subtype (thin, mushroom, stubby), F(2,39) �
0.83, p�0.44]. Conversely, at the same time
point in the shell, there was a significant in-
crease in average thin spine density [Fig. 3B,
15% increase from 1.83 to 2.11 spines/�m,
two-way ANOVA overall interaction, drug ef-
fect (cocaine, saline) � spine subtype (thin,
mushroom, stubby), F(2,39) �7.66, p�0.002;
and thin spine density, t(39) � 4.53, p �
0.001], with no changes in mushroom
(mushroom spine density, t(39) � 0.22, p �
0.05) or stubby (stubby spine density, t(39) �
0.63, p � 0.05) spines.

At 24 h of cocaine withdrawal, proximal
spine density in NAc core was decreased by a
selective loss of thin spines [Fig. 3C, 13%
decrease from 2.83 to 2.46 spines/�m, two-
way ANOVA overall interaction, drug effect
(cocaine, saline) � spine subtype (thin,
mushroom, stubby), F(2,39) � 4.43, p �
0.02, and thin spine density, t(39) �3.97, p�
0.001], whereas proximal spine density in
the shell was increased by a selective
addition of new thin spines [Fig. 3D, 20%
increase from 1.86 to 2.23 spines/�m,
two-way ANOVA overall interaction,
drug effect (cocaine, saline) � spine sub-
type (thin, mushroom, stubby), F(2,39) �
7.55, p � 0.002, and thin spine density,
t(39) � 4.79, p � 0.001].

Chronic cocaine differentially regulates proximal spine
subtype head diameter
Because spine size is correlated with synaptic strength (Bourne
and Harris, 2007), we next investigated the effect of cocaine on
the head diameter of the two most prominent spine types: thin

and mushroom. At 4 h of cocaine withdrawal, proximal mush-
room spine head diameter was unaffected in NAc core and shell,
in terms of both overall distribution (Fig. 3E,F, K–S test, p � 0.42
and p � 0.13 in core and shell, respectively) and frequency of
spines at individual 0.1 �m bins [Fig. 3E,F, two-way repeated-

Figure 2. Proximal dendritic spine density and diameter are differentially regulated by cocaine in NAc core versus shell 4 and
24 h after the last injection. A–D, Top images show representative projected z-stacks from each experimental group. Cumulative
frequencies are plotted using each analyzed dendrite from all animals in a group. Inset bar graphs show the average proximal spine
density calculated per animal and then per group. A, B, At 4 h, cocaine significantly increases proximal spine density in the shell but
not core. C, D, At 24 h, cocaine significantly decreases proximal spine density in the core and increases proximal spine density in the
shell. E, F, Average proximal dendrite diameter is significantly increased in the shell at both 4 and 24 h after the last cocaine
injection with a trend for an increase in the NAc core at 4 h. K–S test, *p � 0.05.
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measures ANOVA, no overall interaction, drug effect (cocaine,
saline) � bin (0.4, 0.5, 0.6, 0.7, 0.85), F(4,52)�0.9619, p � 0.44 and
F(4,52) � 1.344, p � 0.27 in core and shell, respectively]. However,
the head diameter of proximal thin spines was significantly left
shifted in response to cocaine withdrawal, i.e., toward smaller sizes,
in both core and shell (Fig. 3E,F, K–S test, p � 10�10 and p � 10�8,
respectively). In the core, the overall distribution shift can be attrib-
uted to a significant decrease in the frequency of thin spines that are
between 0.3 and 0.4 �m in diameter [Fig. 3E, two-way repeated-
measures ANOVA, overall interaction, drug effect (cocaine, sa-
line) � bin (0.1, 0.2, 0.3, 0.4), F(3,39) � 3.251, p � 0.03 and bin 0.3,
t(39) �2.715, p�0.05]. In the shell, a similar decrease in frequency of

proximal thin spines between 0.3 and 0.4
�m in diameter [Fig. 3F, two-way rep-
eated measures ANOVA overall interaction,
drug effect (cocaine, saline) � bin (0.1,
0.2,0.3,0.4) F(3,39) � 3.874, p � 0.016 and
bin 0.3, t(39) � 2.588, p � 0.05] was also
accompanied by a significant increase in the
frequency of smaller thin spines (Fig. 3F, bin
0.2, t(39) � 2.719, p � 0.05). Note that, when
combined with the opposing regulation of
thin spine density reported above, the left-
ward shift in proximal thin spine head di-
ameter suggests a shrinking in the size of
proximal thin spines in the core and the ad-
dition of new, small proximal thin spines in
the shell. Importantly, at this time point, co-
caine withdrawal effects on both proximal
density and size are restricted to thin spines.

Interestingly, at 24 h, proximal thin
spine head diameter in the core was signifi-
cantly right shifted (Fig. 3G, K–S test, p �
0.005). Although this shift is subtle and does
not reach significance at any individual bin
[Fig. 3G, two-way repeated-measures
ANOVA, no overall interaction, drug effect
(cocaine, saline) � bin (0.1, 0.2, 0.3, 0.4),
F(3,39) � 1.178, p � 0.33], when combined
with the loss of thin spines at this time
point, it likely reflects the specific elimina-
tion of the smallest thin spines. Core
proximal mushroom spines remain unaf-
fected [Fig. 3G, K–S test, p � 0.08 and
two-way repeated-measures ANOVA, no
overall interaction, drug effect (cocaine,
saline) � bin (0.4, 0.5, 0.6, 0.7, 0.85),
F(4,52) � 1.570, p � 0.20].

In contrast, in the shell after 24 h of
withdrawal, the newly sprouted proximal
thin spines exhibited control head diame-
ters as indicated by a continued increase
in thin spine density (see above) in the
absence of a difference in size [Fig. 3H,
K–S test, p � 0.62 and two-way repeated-
measures ANOVA, no overall interaction,
drug effect (cocaine, saline) � bin (0.1,
0.2, 0.3, 0.4), F(3,39) � 0.07440, p � 0.97].
However, the shell showed a leftward shift
in proximal mushroom spine head diam-
eter (Fig. 3H, K–S test, p � 0.005). Be-
cause this shift can be attributed to a
selective increase in the frequency of the

smallest mushroom spines, i.e., those between 0.4 and 0.5 �m in
diameter [Fig. 3H, two-way repeated measures ANOVA, overall
interaction, drug effect (cocaine, saline) � bin (0.4, 0.5, 0.6, 0.7,
0.85), F(4,52) � 4.168, p � 0.005 and bin 0.4, t(52) � 3.523, p �
0.01], this likely indicates a conversion of thin spines into mush-
room spines.

Extended withdrawal from chronic cocaine results in a
prolonged decrease in proximal thin spine density in the NAc
core selectively
Next, we asked which of any of the above effects on proximal
spine density and size remain after prolonged withdrawal from

Figure 3. Cocaine selectively and oppositely regulates thin dendritic spine density and morphology in the proximal dendrites of
NAc core and shell. A–D, Spine subtype densities based on an unbiased classifier in the core versus shell at 4 or 24 h after the last
cocaine injection. A, B, At 4 h, proximal thin spine density is selectively and significantly upregulated by cocaine in shell but not
core. C, D, At 24 h, cocaine significantly downregulates proximal thin spine density in the core, whereas the upregulation of thin
spines in the shell is maintained. E–H, The spine head diameters of proximal thin and mushroom spines are plotted next to each
other as cumulative distributions superimposed onto frequency plots in which the spines were binned by size first per animal and
then by group using 0.1 �m bins (numbers below bar graph represent lower bound of bin). E, F, At 4 h, the cumulative frequencies
of proximal thin spine head diameters in both core and shell are significantly left shifted. Binned data show a significant decrease
in the frequency of thin spines with head diameters between 0.3 and 0.4 �m in both subregions and a significant increase in
smaller thin spines in the shell. There is no change in the size of mushroom spines at this time point. G, H, At 24 h, the cumulative
frequency of proximal thin spine head diameters is slightly but significantly right shifted in the core and unchanged in the shell.
Binned data do not point to changes in frequency in any particular bin in the core. Interestingly, although mushroom spine size
remains unaffected in the core, the cumulative frequency of the mushroom spine head diameter in the shell is significantly left
shifted, which can be attributed to a selective increase in the smallest mushroom spines. K–S test, *p � 0.05, **p � 0.001.
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cocaine. To ensure robust neuroplastic
changes, we chose a commonly used 28 d
injection paradigm, followed by 28 d of
withdrawal. Therefore, it is important to
note the possibility that greater total co-
caine intake rather than longer with-
drawal might be responsible for the results
observed here. To our surprise, proximal
spine density in the NAc core was de-
creased in this group too (Fig. 4A, inset,
16% decrease from 3.17 � 0.07 to 2.67 �
0.07 spines/�m, t test, p � 0.002), match-
ing our observations at the 24 h time
point, whereas proximal spine density in
the shell showed no change (Fig. 4B, inset,
t test, p � 0.26). Cumulative distribution
plots of proximal spine densities along in-
dividual dendrites indicated that spine
elimination is uniform among sampled
neurites in the core, with the leftward shift
highly significant (Fig. 4A, K–S test, p �
0.0008). In contrast, in the shell, there was
no distribution change in proximal spine
densities of individual sampled dendrites
(Fig. 4B, K–S test, p � 0.29).

Similar to the withdrawal time points
examined after shorter periods of cocaine
administration, the effect on core proxi-
mal spine density after a 1-month-long
withdrawal from more prolonged cocaine administration was re-
stricted to a selective reduction in thin and mushroom spines [Fig.
4C, two-way ANOVA, overall interaction, drug effect (cocaine, sa-
line)� spine subtype (thin, mushroom, stubby), F(2,24) �14.34, p�
0.0001; thin spines, 16% decrease from 2.18 � 0.01 to 1.83 � 0.07
spines/�m, t(24) � 7.986, p � 0.001; and mushroom spines,
15.7% decrease from 0.81 � 0.02 to 0.68 � 0.02 spines/ �m,
t(24) � 2.907, p � 0.05], whereas no changes in the densities of any
spine type was observed in the shell [Fig. 4D, two-way ANOVA,
no overall interaction, drug effect (cocaine, saline) � spine sub-
type (thin, mushroom, stubby), F(2,24) � 0.566 p � 0.58]. No
significant changes in proximal dendritic diameter or size of any
spine subtype in either subregion were observed at this time point
(data not shown).

Cocaine-induced neuroplasticity at dendritic tips does not
follow the same pattern as the proximal spine morphometric
changes
The surprising data from proximal dendrites, in combination
with the fact that most if not all previous studies of cocaine-
induced spine changes have focused on dendritic tips, necessi-
tated an investigation of neuroplastic changes for dendritic tips in
our model. For this purpose, we returned to the same neurons
from which proximal dendrites were sampled and imaged one
dendritic tip per neuron (Fig. 5A). No changes in spine density
could be appreciated in distal dendrites in either core (Fig. 5B,
2.66 � 0.14 vs 2.75 � 0.09 in saline-treated vs cocaine-treated
animals, t test, p � 0.56) or shell (Fig. 5C, 2.28 � 0.0.06 vs 2.30 �
0.06 in saline-treated vs cocaine-treated animals, t test, p � 0.88)
at 4 h of withdrawal from 1 week of cocaine exposure. At 24 h,
there was no difference in distal spine density in the core (Fig. 5D,
2.70 � 0.13 vs 2.81 � 0.13 in saline-treated vs cocaine-treated
animals, t test, p � 0.55), but a significant increase was observed
in the shell (Fig. 5E, 17% increase, from 2.18 � 0.06 to 2.54 �

0.08 in saline-treated vs cocaine-treated animals, t test, p �
0.003). Consistent with the effect on proximal spine density, the
increased spine density on shell dendritic tips was attributable to
a selective increase in thin spines [18% increase from 1.67 to 1.98
spines/�m, two-way ANOVA, overall interaction, drug effect
(cocaine, saline) � spine subtype (thin, mushroom, stubby),
F(2,39) � 8.405, p � 0.0009, and thin spine density, t(39) � 5.481,
p � 0.001; data not shown]. No prolonged effects on distal spine
density were observed at 28 d of withdrawal from 28 d of cocaine
exposure in either core (Fig. 5F, 2.74 � 0.14 vs 2.69 � 0.18 in
saline-treated vs cocaine-treated animals, t test, p � 0.82) or shell
(Fig. 5G, 2.05 � 0.05 vs 2.07 � 0.15 in saline-treated vs cocaine-
treated animals, t test, p � 0.88). Also, tip dendrite diameter did
not differ between saline and cocaine groups in either core or
shell at any time point (t test, p � 0.2 for all regions and time
points; data not shown).

Discussion
Summary of findings
The present study demonstrates a striking divergence in cocaine
regulation of dendritic spines at two levels of NAc microcircuitry:
(1) core versus shell subregions and (2) proximal versus distal
dendrites. Observed changes were restricted to thin spines, the
class of spine shown to be highly motile and plastic (Kasai et al.,
2010), whereas mushroom spines remained stable. Although it
has been shown by others (Arellano et al., 2007) and us (Dumi-
triu et al., 2011) that spine size lies on a continuum, the usefulness
of spine classification has nonetheless been clearly demonstrated
by studies implicating thin spines as behaviorally relevant in par-
adigms such as learning (Moser et al., 1994; Dumitriu et al., 2010)
and cocaine addiction (Shen et al., 2009; LaPlant et al., 2010).
Additionally, we report drug-induced regulation of proximal
dendritic diameter, potentially identifying a novel mediator of
changes in signal propagation, since dendritic diameter—via its

Figure 4. Downregulation of proximal NAc core thin dendritic spine density persists after 28 d of withdrawal from chronic
cocaine. A, B, Cumulative frequencies are plotted using each analyzed proximal dendrite from all animals in a group. Inset bar
graphs show the average proximal spine density calculated per animal and then per treatment. Prolonged withdrawal is accom-
panied by persistent downregulation of proximal spines in the core, whereas shell spine density has returned to control levels. C,
The downregulation of proximal spines in the core continues to be selective for a loss of thin spines. D, No changes in the density of
any proximal spine subtype are observed in the shell. K–S test, *p � 0.05, **p � 0.001.
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action on input impedance— can significantly affect properties
of synaptic inputs (Holmes, 1989; Branco et al., 2010).

Opposing effects on core versus shell proximal spines
A main finding presented here is the opposing effects of cocaine
on proximal spines within the two NAc subregions (Fig. 6).
Spines are upregulated in shell but downregulated in core. The
time course of these events differs. After 7 d of cocaine adminis-
tration, new spines sprout in shell within 4 h, whereas spine elim-
ination in core requires 24 h. To investigate long-lasting changes
in spine density, we used a separate paradigm of 28 d of cocaine
administration followed by 28 d of withdrawal and found no
difference in drug-treated versus saline-treated animals in shell.
In contrast, elimination of proximal spines in core was also found
in this prolonged paradigm, suggesting that cocaine-induced
spine plasticity is more enduring in core than shell.

While the observed decreased spine density in NAc core is
novel, core/shell divergence is not. Although several groups have
shown concerted core/shell spine changes after cocaine adminis-
tration in rats (Norrholm et al., 2003; Li et al., 2004; Ferrario et al.,
2005), a report in mice showed increased spine density in shell

but not core (Martin et al., 2011). There
are many potential sources for these dif-
ferences, including species, drug dose, and
drug administration paradigm. For exam-
ple, Li et al. (2004) showed that the in-
creased spine density in core correlates
with psychomotor sensitization and is re-
stricted to animals that are administered
cocaine in a novel environment. Thus, it is
possible that our results would have shown a
different pattern of spine changes with ani-
mals injected in a novel environment rather
than their home cages.

Another potential source of variability
comes from differences in spine counting
methods (for an in-depth discussion, see
Materials and Methods). In the only previ-
ous report of psychostimulant-mediated ef-
fects on MSNs using 3D measures, spine
density in rat NAc core did not change after
3 weeks of withdrawal from 1 week of co-
caine administration; this group did not ex-
amine the shell (Shen et al., 2009). In
contrast, we used a 28 d injection paradigm,
followed by 28 d of withdrawal. Therefore, it
is possible that persistent downregulation of
spines in the NAc core is contingent on the
duration of cocaine treatment. This is a par-
ticularly attractive hypothesis given that, al-
though Shen et al. (2009) did not observe an
overall difference in spine density, they did
report a small but significant cocaine-
induced decrease in thin spines.

The enduring spine density change in
core but not shell fits well with the estab-
lished idea that the shell is preferentially
involved in the development of addiction,
whereas the core mediates the long-term
execution of learned addiction-related be-
haviors (Di Chiara, 2002; Ito et al., 2004;
Meredith et al., 2008). Consistent with the
idea of the NAc core being the locus of

long-lasting drug-induced neuroplasticity, several studies have
shown that electrophysiological changes in core persist longer
than their shell counterparts. For example, LTD is inhibited in
both core and shell after 1 d of cocaine withdrawal, but this ad-
aptation is maintained only in core after 21 d of withdrawal (Mar-
tin et al., 2006). In addition, core but not shell MSNs exhibit
enhanced stimulus-induced single-unit activity in vivo after 1
month of withdrawal (Hollander and Carelli, 2007).

There in an interesting parallel between our early withdrawal
data and a recent report on the effect of cocaine on intrinsic
membrane excitability. Generally, cocaine is thought to decrease
MSN excitability. However, most studies have used either com-
bined core/shell preparations or focused specifically on shell
(Wolf, 2010). Kourrich and Thomas (2009), using a drug treat-
ment paradigm similar to ours, showed that cocaine decreases
excitability of mouse shell MSNs but increases it in core at 24 h of
withdrawal. Because our observed spine density changes would
predict an opposite effect on the drive of MSNs (increased in shell
and decreased in core), two possibilities exist: spine regulation
might reflect a compensatory mechanism that protects the MSNs
from changes in excitability, or changes in spine density (and

Figure 5. Distal dendritic spine density regulation by cocaine in NAc core versus shell 4 h, 24 h, and 28 d after the last injection.
A, Images show representative projected z-stacks from dendritic tips in the core and shell. B–G, Cumulative frequencies are plotted
using each analyzed dendrite from all animals in a group. Inset bar graphs show the average spine density calculated per animal
and then per group. B, C, At 4 h, cocaine does not regulate distal spine density in either the core or the shell. D, E, At 24 h, cocaine
significantly increases distal spine density in the shell with no effect in the core. F, G, After 28 d of withdrawal, cocaine does not
regulate distal spine density in the core or shell. K–S test, *p � 0.05.
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hence changes in MSN drive) lead to a homeostatic tuning of cell
excitability. Support for the latter is offered from data demon-
strating homeostatic increases in excitability of striatal MSNs af-
ter downregulation of spine density in response to dopamine
depletion (Azdad et al., 2009). Others have also demonstrated
co-regulation of synaptic and homeostatic plasticity of striatal
MSNs after cocaine withdrawal (Ishikawa et al., 2009; Huang et
al., 2011).

How do our data relate to cocaine-induced changes in synap-
tic strength? It is generally accepted that cocaine withdrawal glob-
ally increases NAc MSN synaptic strength via upregulation of
glutamatergic AMPA receptors, although interestingly this oc-
curs slowly, with no change apparent at 24 h but significant up-
regulation at 21 d (Wolf and Ferrario, 2010). Furthermore, at
24 h, an increase in silent synapses has been observed in the shell
(Huang et al., 2009), possibly a reflection of the new thin spines
we observed here. Once again, however, direct comparison with
our data leads to the fundamental problem that most studies on
glutamatergic receptors have used mixed core/shell preparations
or focused on the shell, and therefore the extent to which these
changes occur within each subregion remains essentially un-
known (Wolf, 2010).

Is there evidence for a mechanism that could lead to synaptic
downregulation selectively in NAc core? One possibility is dopa-
mine, because cocaine withdrawal has been shown to decrease
extracellular dopamine levels in NAc (Parsons et al., 1991; Baker
et al., 2003). A unique feature of NAc is dual glutamatergic and
dopaminergic innervation of individual spines, with the latter
targeting the spine neck and thus ideally positioned to modulate
cortical and limbic inputs (Sesack and Grace, 2010). This gluta-
mate– dopamine convergence is significantly higher in core than

shell (Zahm and Brog, 1992) and has been suggested to underlie
the selective NAc core spine downregulation after unilateral do-
pamine depletion in vivo (Meredith et al., 1995).

Differences in proximal versus distal spine regulation
The second novel finding presented here is the dichotomy in
proximal versus distal cocaine-induced spine regulation. In con-
trast to our observations for proximal dendrites (defined as the
middle portions of terminal dendrites), after 24 h of cocaine
withdrawal, distal spine density in core was unchanged, whereas
an increase in thin spine density was appreciated in shell. Our
prolonged treatment and withdrawal paradigm failed to alter dis-
tal spine density in either subregion. Combined, these findings
suggest that cocaine withdrawal induces global increases in den-
dritic spines in shell but compartment-specific spine elimination
in core.

A fundamental topography of inputs to MSNs has been known
for decades, with proximal dendrites receiving shaft connections
from within NAc and distal dendrites receiving long range projec-
tions from cortex, hippocampus, and amygdala onto dendritic
spines (Smith and Bolam, 1990). However, no spine-specific topog-
raphy of cortical and limbic connections has been identified to date,
although nonrandom patterns have been suggested (O’Donnell et
al., 1999). Morphological (French and Totterdell, 2002; French and
Totterdell, 2003) and electrophysiological (O’Donnell and Grace,
1995) studies have demonstrated substantial long-range input con-
vergence onto individual cells, and recent work has demonstrated at
least a functional dichotomy in MSN spines from different dendritic
subregions. Distal, but not proximal, spines have the capability of
creating up states in vitro (Plotkin et al., 2011), leading to the hypoth-
esis that different MSN dendritic compartments serve different roles

Figure 6. Summary diagram and table of the effects of chronic cocaine on proximal dendritic spine morphometrics. In the NAc core, chronic cocaine decreases proximal dendritic spine head
diameter at 4 h and by 24 h causes a selective elimination of thin spines that is maintained for up to 1 month. Conversely, in the NAc shell, which at baseline has fewer proximal thin spines than the
core, new thin spines are formed by 4 h and maintained for up to 24 h. There is also an increase in proximal dendritic diameter in the shell. However, unlike the core, the changes that occur in the
shell are transient because they are not observed after prolonged withdrawal from cocaine. Red arrows indicate shrinkage or elimination, and green arrows indicate growth or sprouting. * Data
adapted from Kourrich and Thomas (2009).
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and perhaps receive different inputs. The idea of active dendritic
compartments and ability of dendrites to perform complex compu-
tations is well supported in other brain regions (Poirazi and Mel,
2001; Poirazi et al., 2003; Branco and Häusser, 2010; Branco and
Häusser, 2011). Future experiments, selectively targeting inputs
from identified regions (e.g., with optogenetics), are paramount for
tackling the important question of the presynaptic origin of cocaine-
induced spine plasticity.

Implications of multilevel divergence in spine regulation
Perhaps the most compelling finding of the present study is not
within the details of cocaine-induced spine plasticity but rather
the complex nature of this regulation. Our data highlight the
importance of studying specific components of the microcir-
cuitry as independent structures. Furthermore, data presented
here support the idea that NAc shell is preferentially involved in
immediate drug reward, whereas the core might play a more
explicit role in longer-term aspects of addiction.
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Branco T, Häusser M (2010) The single dendritic branch as a fundamental
functional unit in the nervous system. Curr Opin Neurobiol 20:494 –502.
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Branco T, Clark BA, Häusser M (2010) Dendritic discrimination of tempo-
ral input sequences in cortical neurons. Science 329:1671–1675.

Di Chiara G (2002) Nucleus accumbens shell and core dopamine: differen-
tial role in behavior and addiction. Behav Brain Res 137:75–114.

Dobi A, Seabold GK, Christensen CH, Bock R, Alvarez VA (2011) Cocaine-
induced plasticity in the nucleus accumbens is cell specific and develops
without prolonged withdrawal. J Neurosci 31:1895–1904.

Dumitriu D, Hao J, Hara Y, Kaufmann J, Janssen WG, Lou W, Rapp PR,
Morrison JH (2010) Selective changes in thin spine density and mor-
phology in monkey prefrontal cortex correlate with aging-related cogni-
tive impairment. J Neurosci 30:7507–7515.

Dumitriu D, Rodriguez A, Morrison JH (2011) High-throughput, detailed,
cell-specific neuroanatomy of dendritic spines using microinjection and
confocal microscopy. Nat Protoc 6:1391–1411.

Ferrario CR, Gorny G, Crombag HS, Li Y, Kolb B, Robinson TE (2005)
Neural and behavioral plasticity associated with the transition from con-
trolled to escalated cocaine use. Biol Psychiatry 58:751–759.

French SJ, Totterdell S (2002) Hippocampal and prefrontal cortical inputs
monosynaptically converge with individual projection neurons of the
nucleus accumbens. J Comp Neurol 446:151–165.

French SJ, Totterdell S (2003) Individual nucleus accumbens-projection
neurons receive both basolateral amygdala and ventral subicular afferents
in rats. Neuroscience 119:19 –31.

Hama K, Arii T, Kosaka T (1989) Three-dimensional morphometrical
study of dendritic spines of the granule cell in the rat dentate gyrus with
HVEM stereo images. J Electron Microsc Tech 12:80 – 87.

Hollander JA, Carelli RM (2007) Cocaine-associated stimuli increase co-
caine seeking and activate accumbens core neurons after abstinence.
J Neurosci 27:3535–3539.

Holmes WR (1989) The role of dendritic diameters in maximizing the ef-
fectiveness of synaptic inputs. Brain Res 478:127–137.

Huang YH, Lin Y, Mu P, Lee BR, Brown TE, Wayman G, Marie H, Liu W, Yan
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