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Chronic cocaine treatment is associated with changes in dendritic spines in the nucleus accumbens, but it is unknown whether this
neuroplasticity alters the effect of a subsequent cocaine injection on spine morphology and protein content. Three weeks after daily
cocaine or saline administration, neurons in the accumbens were filled with the lipophilic dye, DiI. Although daily cocaine pretreatment
did not alter spine density compared with daily saline, there was a shift from smaller to larger diameter spines. During the first 2 h after
an acute cocaine challenge, a bidirectional change in spine head diameter and increase in spine density was measured in daily cocainepretreated animals. In contrast, no change in spine diameter or density was elicited by a cocaine challenge in daily saline animals during
the first 2 h after injection. However, spine density was elevated at 6 h after a cocaine challenge in daily saline-pretreated animals. The
time-dependent profile of proteins in the postsynaptic density subfraction elicited by a cocaine challenge in daily cocaine-pretreated
subjects indicated that the changes in spine diameter and density were associated with a deteriorating actin cytoskeleton and a reduction
in glutamate signaling-related proteins. Correspondingly, the amplitude of field potentials in accumbens evoked by stimulating prefrontal cortex was reduced for up to 6 h after acute cocaine in daily cocaine-withdrawn animals. These data indicate that daily cocaine
pretreatment dysregulates dendritic spine plasticity elicited by a subsequent cocaine injection.

Introduction
Cocaine addiction is a neuropsychiatric disease that has severe
personal and social consequences (Vocci and Ling, 2005). Because cocaine produces neuroplasticity in brain circuitry important for guiding adaptive behavior (Hyman et al., 2006; Kalivas
and O’Brien, 2008), the enduring vulnerability to relapse characterizing addiction is thought to result from chronic deviations in
neurobiological mechanisms controlling behavior (Koob and LeMoal, 2001). Loss of behavioral homeostasis alters subsequent
drug experiences, further diminishing behavioral control and
creating a progressively deteriorating disorder (Ahmed et al.,
2002; Conrad et al., 2008). Because cocaine addiction is an enduring change in behavioral set point that affects subsequent
drug-induced behavior, the cellular neuroplasticity underlying
the loss of behavioral homeostasis may be a form of metaplasticity. Metaplasticity was originally defined as a type of synaptic
plasticity in which the history of synaptic activity alters the direction or magnitude of plasticity in response to subsequent stimulation (Abraham and Bear, 1996). More recently, researching
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logical, biochemical, physiological and behavioral processes that
change the ability to generate synaptic plasticity (Abraham,
2008). Thus, in this study we sought to determine whether withdrawal from repeated cocaine administration may induce metaplasticity that alters the capacity of a subsequent cocaine injection
to elicit morphological, biochemical, and physiological plasticity.
A major focus in the search for enduring neuroplasticity underlying cocaine addiction is on cellular adaptations in excitatory
transmission in the nucleus accumbens (Wolf, 1998; Nestler,
2005; Kalivas and O’Brien, 2008). Correspondingly, AMPA relative to NMDA synaptic currents are increased in the accumbens
after withdrawal from cocaine (Kourrich et al., 2007; Conrad et
al., 2008). This increase in postsynaptic glutamate transmission is
associated with increased dendritic spine density (Robinson and
Kolb, 2004) and alterations in the content of proteins associated
with the excitatory postsynaptic density (PSD) that regulate glutamate signaling and spine morphology (Swanson et al., 2001;
Yao et al., 2004; Boudreau and Wolf, 2005; Toda et al., 2006;
Pulipparacharuvil et al., 2008), notably an increase in surface
expression of GluR1 (Boudreau and Wolf, 2005). Metaplasticity
resulting from repeated cocaine administration has been demonstrated in some measures of excitatory transmission, such as reduced AMPA to NMDA synaptic currents, and increased internalization of the GluR1 subunit of AMPA receptors at 24 h after
an acute cocaine injection in the accumbens of animals withdrawn from repeated cocaine administration (Boudreau et al.,
2007; Kourrich et al., 2007). Also, withdrawal from repeated cocaine promotes the capacity of acute cocaine to increase accumbens glutamate release (Pierce et al., 1996). The present study
expands on these findings by showing that withdrawal from daily
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cocaine may induce a form of metaplasticity that alters the capacity of a subsequent cocaine injection to modulate dendritic spine
morphology, PSD proteins and evoked field potentials in the
nucleus accumbens.

Materials and Methods
Animals. Male Sprague Dawley rats (300 –325 g; Charles River) were used
in all experiments. All protocols were approved by an Institutional Animal Care and Use Committee and were conducted in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals (revised 1996). A 12 h light/dark cycle was used with light
on at 7:00 A.M. Rats were housed in groups of two in the animal vivariums (12 h light/dark cycle, light on at 7:00 A.M.), and were given water
and food ad libitum.
Cocaine administration. All rats were acclimatized to the housing facility for 1 week before beginning daily drug injections. Rats were treated
with either daily saline or cocaine in their home cages (7 d; 15 mg/kg, i.p.,
on the first and last day, 30 mg/kg, i.p., on the intervening 5 d). This
treatment regimen induces behavioral sensitization (Pierce et al., 1996).
At 3 weeks after the last daily injection, the animals were decapitated or
brains fixed at various times (0 min, 10 min, 45 min, 2 h, 6 h and 24 h)
after an acute injection of cocaine (30 mg/kg, i.p.) or saline for immunoblotting and morphological analyses. Cocaine-HCl was provided by National Institute on Drug Abuse.
Immunoblotting and subfractionation. After 3 weeks of withdrawal
from daily cocaine (N ⫽ 148) or saline (N ⫽ 156)-withdrawn animals
were divided into groups and decapitated corresponding to times just
before a cocaine (30 mg/kg, i.p.) or saline injection (e.g., at T ⫽ 0 min) or
after acute injection (e.g., at T ⫽ 10 min, 45 min, 2 h, 6 h or 24 h). This
resulted in N ⫽ 5–15 for each protein at each time point. Protein content
in dendritic spines was estimated by fractionating accumbens crude
membranes into a detergent (Triton X-100) insoluble subfraction that
contained a relatively higher concentration of proteins associated with
the PSD (supplemental Fig. S1, available at www.jneurosci.org as supplemental material, illustrates protein separation between the detergent soluble and insoluble subfractions). Subcellular fractionation and immunoblotting were performed as described in detail previously (Toda et al.,
2006). Immunolabeling was visualized by enhanced chemiluminescence
(GE Healthcare) and band density was quantified by densitometry using
Image J (NIH). All antibodies were purchased commercially; PSD-95
(Sigma-Aldrich, 1:1000), actin (Santa Cruz Biotechnology, 1:200), ARP3
(BD Biosciences, 1:1000), Rab11 (BD Biosciences, 1:1000), ␤-catenin
(BD Biosciences, 1:1000), ␣-CaMKII (Abcam, 1:1000), NR1 (Millipore,
1:1000), NR2A (Millipore, 1:1000), cofilin (BD Biosciences, 1:1000),
p-cofilin (Millipore, 1:500), and 20 s proteasome subunit (subunit ␣5;
Boston Biochem).
Extracellular field potential recordings. At 3 weeks after the last daily
cocaine (N ⫽ 8) or saline (N ⫽ 7) injection, the rats were anesthetized
with urethane (1.5 g/kg, i.p.), and mounted in a stereotaxic apparatus
(Narishige). Subcutaneous atropine methylbromide (0.3 mg/kg) was
used to minimize secretions and improve ventilation as needed, and core
temperature was maintained using a heating pad. Baseline field potentials were collected in the core compartment of the nucleus accumbens
(NAcore) for 30 min after electrode placement (see below). After the
baseline measurements were obtained, all animals were injected with
cocaine (30 mg/kg, i.p.). Field potential amplitude was estimated as the
difference between the mean of a 2– 4 ms window before the stimulation
artifact and the mean of a 1 ms window ⬃15 ms after the stimulation
artifact (corresponding to the negative peak of the field potential). Data
were then normalized to baseline.
The stimulation of prefrontal cortex and recording of field potentials
in the NAcore has been described in detail previously (Moussawi et al.,
2009). In brief, concentric bipolar stimulating electrodes (Rhodes Medical Instruments) were placed in the prelimbic medial prefrontal cortex
[anteroposterior (AP), ⫹3.0 mm; mediolateral (ML), ⫹0.6 mm; dorsoventral (DV), ⫺3.3 mm from brain surface]. Glass recording electrodes
were pulled using a Narishige PE-2 puller (1–2 M⍀). Filling solution
consisted of 0.5 M sodium acetate and 2% pontamine sky blue. Recording
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electrodes were aimed at the dorsomedial region of the nucleus accumbens (AP, ⫹1.8 mm; ML, ⫹1.3–1.5 mm; DV, ⫺5.5 to ⫺6.0 mm from
brain surface). The preparation was further stabilized with agar. Extracellular field potentials were amplified by a NPI Instruments SEC-05LX
amplifier, and the data bandpass filtered at 300 Hz, then digitized by a
National Instruments PCM-C1016E4 board feeding into a computer.
Custom Labview Software (Lee Campbell, Salk Institute, La Jolla, CA)
was used for data collection and analysis. To ensure the accuracy and
stability of the recordings, baseline measurements were obtained 1 h after
surgery. Data were collected every 100 s, at a 10 kHz sampling frequency,
and then averaged every 5 min. Pulse width was set to 0.3 ms, and basal
stimulation intensity corresponded to 40% of the minimum current intensity that evoked a maximum field response.
Confocal imaging and quantification of dendritic spines. Rats were
treated with daily cocaine (N ⫽ 33) or daily saline (N ⫽ 29) and at 3
weeks of withdrawal were deeply anesthetized with ketamine HCl (87.5
mg/kg, i.p.) and xylazine (5 mg/kg, i.p.). Transcardial perfusion (35 ml/
min) with 0.1 M sodium phosphate buffer (PB), was followed by 300 ml of
1.5% paraformaldehyde (PFA) in 0.1 M PB. Brains were removed and
postfixed in the same fixative for 1 h, then were coronally sectioned (150
m thick) using a vibratome at room temperature. Animals were divided
into different groups of N ⫽ 2–5 according to different times before and
after acute cocaine (30 mg/kg, i.p.) administration (see above).
Diolistic labeling. Tungsten particles (1.3 m diameter, Bio-Rad) were
coated with the lipophilic carbocyanine dye DiI (Invitrogen). DiI-coated
particles were delivered diolistically into the tissue at 80 psi using a Helios
Gene Gun system (Bio-Rad) fitted with a polycarbonate filter with 3.0
m pore size (BD Biosciences). DiI was allowed to diffuse along neuron
dendrites and axons in PBS containing 0.01% (w/v) thimerosal for 48 h at
4°C, and then labeled sections were fixed again in 4% PFA for 1 h. After
brief washing in PBS, tissues were mounted onto subbed slides in aqueous medium Prolong (Invitrogen).
Confocal imaging and three-dimensional reconstructions. A Zeiss LSM
510 confocal microscope was used to image the labeled sections. DiI was
excited using the Helium/Neon 543 nm laser line. The entire profile of
each DiI-positive neuron to be quantified was acquired using a 63⫻
oil-immersion objective without optical zoom (Plan-Apochromat, Zeiss;
NA ⫽ 1.4, WD ⫽ 90 m), using a frame size of 512 ⫻ 512 pixels which
generated an image with field size 146.25 ⫻ 146.25 m and pixel scale
0.29 ⫻ 0.29 m. The neuron was scanned at 1 m intervals along the
z-axis (maximum 90 planes, depending on the depth of whole neuron
and objective WD), and the topology of the dendritic tree was reconstructed in three dimensions. Subsequently, to acquire sufficient resolution to conduct spine counting and measurement of head diameter as
described below, the frame size was increased to 2048 ⫻ 2048 pixels
which generated a pixel size 0.07 ⫻ 0.07 m. The dendrite within the
frame was cropped (75–200 m range) according to the extent of dendrite that was clearly connected to the soma of interest and fully separable
from crossing dendrites. The cropped dendrite was scanned at 0.1 m
intervals along the z-axis (maximum 200 planes, depending on the depth
of the dendrite) using the same objective. A final high-definition threedimensional image of spines was achieved via reconstructing these consecutive scans using Zeiss LSM image browser.
Measurement of spine density and size. For quantitative analysis, a
three-dimensional perspective was rendered by the Surpass module of
Imaris software package (Version 5.5, Bitplane), and has been described
in detail previously (Shen et al., 2008). Only cells localized to the NAcore
were quantified, and spine quantification commenced on dendrites beginning at ⬎75 m distal to the soma, and after the first branch point.
Measurements were made out to a maximum of 200 m from the soma,
and the length of dendrite quantified was 40 –55 m. For each neuron,
1– 4 dendrites were analyzed. When ⬎1 dendrite was measured the values were averaged within each individual neuron. For each of 2–5 animals examined at each time point, at least 8 neurons were analyzed from
a single dye injection site. A protocol based on Filament module of IMARIS software was used that quantifies spine density and head diameter
(Shen et al., 2008). The minimum end segment diameter (spine head)
was set at ⱖ0.143 m (i.e., the thinnest quantifiable spines were 0.143
m in diameter). Fluorescence in each dendritic segment quantified was
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thresholded manually such that all visually discernible protuberances in three dimensions
were identified. Rarely, fluorescence was unevenly distributed in a segment of dendrite
making it impossible to accurately threshold
the fluorescence and this segment was not included in the analysis. Fluorescence contrast
threshold was set at ⱖ3 [calculated as (mean
luminance small diameter ⫺ mean luminance
large diameter)/SD luminance of large diameter)], which was sufficient contrast to readily
identify all fluorescent edges. The ratio of
branch length to trunk radius was ⱖ1.5, and the
branch length had to be ⬎0.5 m.
Verification by manual counting and Golgi
staining. To compare the automated measurements to more traditional manual counting,
spines were counted by hand from 20 –56 m
long dendritic segments using two different
protocols. For counting of DiI-filled MSNs,
counts were made by rotating the segment in
three dimensions to be able to quantify spines
in the z-axis. Moreover, as spines were counted,
they were separated into spine heads ⬎ or ⱕ 0.2
m in diameter. After manual counting, spines
along the same segment of dendrite were estimated for density and head diameter using the
automated method. Spines from DiI-filled cells
were also manually quantified in two dimensions by collapsing the Z stack to be compared
with two-dimensional quantification of Golgistained spines.
Figure 1. Rendering and quantification of a confocal image of a diolistically labeled DiI filled dendrite segment from an MSN.
For Golgi staining, rats were perfused A, DiI-filled neuron in the NAcore. The arrow and box identify segment of dendrite rendered in B–D. Grid is in micrometers. *Axon;
through the aorta with 0.5% procaine, 2.5% su- open arrowhead, soma. B, Panel B shows a confocal image of the dendrite segment indicated in A, and B shows filling of the
1
2
crose and 0.81% NaCl in 0.01 Sorensond phos- dendrite using the Filament module in the IMARIS software package. Green identifies the end segment of each spine where the
phate buffer (SPB, pH 7.4), followed by 300 ml estimate of d was made. C, Higher magnification of the boxed region in B. *Thin filopodia-like spines (d ⱕ 0.2 m). D,
h
h
of 0.1 M SPB, pH 7.4, SPB 0.1 M containing 2% Representative light micrograph of Golgi-stained dendrite and confocal image of DiI-labeled dendrite. E, Comparison of spine
glutaraldehyde, 1% paraformaldehyde and density and d between Golgi impregnated and DiI-labeled dendritic spines. The number of neurons quantified is shown in the
h
2.5% sucrose. The brains were sectioned with a bars in the right panel. *p ⬍ 0.05 comparing DiI with Golgi staining using a Bonferroni post hoc test.
vibratome (50 m thick), and the sections
rinsed in SBP and immersed in 1% osmium tenormalized to baseline field amplitude in each chronic treatment group
troxide in 0.1 M SPB, pH 7.4, for 30 min at 4°C. Subsequently, the sections
and evaluated using a two-way ANOVA with repeated measures over
were immersed in 3.5% potassium dichromate for 4 h. The sections were
time. Post hoc tests were conducted using a Dunnett’s test for comparison
then mounted on slides and immersed overnight in 1.5% aqueous
to a single control group, a Bonferroni test or a LSD test for repeated
AgNO3. The following morning sections were coverslipped in 100% glycmeasures ANOVA (Milliken and Johnson, 1984).
erol. Images used for quantification were captured using a 63⫻ waterimmersion objective (Plan-Apochromat, Leica; NA ⫽ 1.2, WD ⫽ 220
Results
m) on a Leica DMRXA microscope via OpenLab image processing
Withdrawal from daily cocaine changes spine head diameter
software (Improvision). To accurately assess spine density and dh, each
Figure 1 illustrates an example of a MSN labeled with the lispine was captured in its optimal focal plane on a high-resolution monpophilic dye, DiI, and shows how a segment of dendrite was
itor, and measured by the OpenLab calibration tool.
rendered and both spine density and dh quantified (Fig. 1 B, C).
Histology. To determine the location of the recording electrode, PonThe
spine density measured using this method, 2.6 spines/m
tamine sky blue (2%, 50 A negative current for 5 min) was used to mark
(Fig. 2 A), was higher than is generally reported using Golgi stainthe recording site at the end of each recording session. Animals in the
ing or by filling MSNs with green fluorescent protein that in the
electrophysiological study were then transcardially perfused with 10%
NAcore ranges from 0.8 –1.2 spines/m (Robinson et al., 2001;
formalin, brains sectioned with a vibratome (50 m thick) and the slices
Kolb et al., 2003; Robinson and Kolb, 2004; Ferrario et al., 2005;
stained with cresyl violet (see Moussawi et al., 2009, for example of electrode placement in the prefrontal cortex and NAcore).
Chen et al., 2008; Pulipparacharuvil et al., 2008; but see NorGroup design and statistics. All spine density and diameter data were
rholm et al., 2003), as well as supplemental Table S1 (available at
statistically analyzed by averaging the values for all the neurons counted
www.jneurosci.org as supplemental material, for comparisons
in each animal. Thus for statistical analysis the number of determinations
between studies). In part the higher density of spines measured in
per group ranged from 2 to 5. The anatomical data were statistically
the present study is due to the fact that in previous studies spines
analyzed using a one- or two-way ANOVA. For comparing baseline proin NAcore MSNs were quantified in 2 dimensions (Feldman and
tein values (before a cocaine challenge injection) the data were normalPeters, 1979; Gioia et al., 1998; Gan et al., 2000). However, Figure
ized to the chronic saline values and compared using a two-tailed Stu1 E reveals that even if the Z stack was collapsed and DiI-labeled
dent’s t test. For comparing the time course of protein change induced by
dendrites quantified in 2 dimensions, spine density was higher in
a cocaine challenge within each chronic treatment group the data were
DiI-labeled compared with Golgi-stained dendrites (one-way
normalized to the respective baseline values in each chronic group and
analyzed using a one-way ANOVA. The electrophysiological data were
ANOVA F(2,52) ⫽ 85.62, p ⬍ 0.001). Figure 1 D also shows that
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m) (two-way ANOVA with frequency
and chronic treatment group as factors, interaction F(12,91) ⫽ 3.44, p ⬍ 0.001). Thus,
if predominantly larger diameter spines
were identified in previous studies the
present data replicate earlier experiments
by showing an increase in the density of
spines with dh ⱖ0.35 m after withdrawal
from chronic cocaine. Figure 2C provides
examples of equivalent dendrite segments
that illustrate the higher proportion of
thicker dendritic spines in the chronic
cocaine-withdrawn animals. Importantly,
both the total spine density and reduction
in spines with dh ⱕ0.2 m in MSNs from
daily cocaine versus saline-withdrawn animals were verified by manual spine counts
(Fig. 2 D).
Cocaine challenge alters spine
morphology after withdrawal from
chronic cocaine
After 3 weeks of withdrawal from daily cocaine or saline, acute cocaine was injected
and dendritic spine morphology was determined at various times after injection.
Figure 3A shows that a cocaine challenge
administered to cocaine-withdrawn subjects significantly increased spine density
at 120 min after cocaine administration
(one-way ANOVA F(5,21) ⫽ 4.70, p ⫽
0.008). In contrast, after withdrawal from
Figure 2. Withdrawal from daily cocaine increases dh without affecting the density of dendritic spines in NAcore MSNs. A,
daily saline an elevation in spine density was
Cumulative frequency plot of spine density after withdrawal from chronic cocaine versus saline administration. B, The dh distribution was altered after withdrawal from daily cocaine. *p ⬍ 0.05 comparing cocaine and saline using a Bonferroni post hoc. C, present at 360 min after a cocaine challenge
Examples of a dendrite from a spiny cell in a daily saline and daily cocaine-withdrawn animal illustrating the relatively larger dh injection (one-way ANOVA F(4,19) ⫽ 3.23,
after daily cocaine. Arrow, Location of soma. Also shown is the spine analysis of each dendrite segment. D, Comparison of spine p ⫽ 0.042).
The changes in spine density were acdensity and frequency of dh ⱕ 0.2 m between manual and automated counting three-dimensional quantification of DiI-filled
spines. Number of neurons counted is shown in each bar. *p ⬍ 0.05 compared with Saline T ⫽ 0 using a Bonferroni post hoc test. companied by a pronounced effect on dh
⫹
p ⬍ 0.05 comparing Cocaine at T ⫽ 0 with Cocaine at T ⫽ 120.
in daily cocaine-withdrawn animals. Figure 3B shows that although an acute cothis difference in density may result from identifying fewer spines
caine challenge in daily saline-withdrawn animals did not affect
with small spine head diameter (dh ⱕ0.3 m) in Golgi impregdh over the first 24 h after injection (Fig. 3B1; two-way ANOVA
nated compared with DiI labeled MSNs (two-way ANOVA with
with time of killing and frequency as factors revealed no effect of
labeling method and head diameter as factors; interaction F(4,123)
time or interaction), in daily cocaine-withdrawn subjects the co⫽ 97.65, p ⬍ 0.001).
caine challenge induced a biphasic change in dh over time after
injection (Fig. 3B2; interaction F(60,180) ⫽ 4.99, p ⬍ 0.001). Thus,
Figure 2 A shows that no difference in mean spine density was
acute cocaine induced a reduction in spines with dh ⱕ0.2 m by
measured between the chronic cocaine and saline treatment
45 min after injection in cocaine-withdrawn animals, and a corgroups (two-tailed t test t(7) ⫽ 0.43, p ⫽ 0.679). This was surprising because previous studies found an increase in spine density in
responding increase in spines with larger head diameter dh ⫽ 0.65
m. However, by 120 min after injection, the distribution rethe NAcore after chronic cocaine administration (Norrholm et
versed with a significant elevation in dh ⱕ0.2 m. The biphasic
al., 2003; Robinson and Kolb, 2004; Ferrario et al., 2005; Lee et al.,
change in spine morphology induced by acute cocaine in daily
2006; Chen et al., 2008; Pulipparacharuvil et al., 2008). It is poscocaine-withdrawn animals can be readily in Figure 3C that
sible that different aspects of the treatment protocols between
shows the data from Figure 3B2 collapsed over thin (dh ⱕ0.2 m)
this study and previous studies may contribute to the different
and thick (dh ⱖ0.35 m) spines. To verify that the injection
density measurements, such as drug treatment environment,
procedure did not elicit the changes in spine density and/or dh
dose of cocaine and withdrawal period (Robinson and Kolb,
shown in Figure 3, B and C, dendritic spines were quantified in daily
2004). Alternatively, the difference may result from more relasaline and daily cocaine-withdrawn animals at 360 and 45 min, retively thin spines being identified in DiI-labeled neurons (see
spectively, after an acute saline injection. Supplemental Figure S2,
above). Supporting the latter interpretation, Figure 2 B shows
available at www.jneurosci.org as supplemental material, shows
that if neurons were parsed according to the distribution of spine
that the saline challenge injection did not alter spine density or dh
head diameters (dh), withdrawal from daily cocaine was associated with an increased density of larger diameter spines (dh ⫽
in either daily cocaine or daily saline-withdrawn subjects. Figure
3, D and F, shows individual segments of dendrite from spiny
0.35– 0.5 m), and reduced density of thinner spines (dh ⱕ0.2

2880 • J. Neurosci., March 4, 2009 • 29(9):2876 –2884

Shen et al. • Cocaine-Induced Spine Plasticity

cells illustrating the relatively thicker
spines at 45 min and the increase in thin
spines at 120 min after cocaine injection in
chronic cocaine subjects. Figure 3, E and F,
shows an example of increased spine density at 360 min after cocaine in chronic saline animals. Finally, Figure 2 D shows verification by manual counting of the
increase in dh ⱕ0.2 m and spine density at
120 min (T ⫽ 120) after injection of acute
cocaine in daily cocaine-withdrawn animals
(e.g., compare T ⫽ 120 with T ⫽ 0).
Proteins in the PSD subfraction
associated with plasticity in
spine morphology
To determine whether changes in dendritic proteins paralleled spine plasticity,
the nucleus accumbens (containing both
the shell and core subcompartments) was
dissected at different times after a cocaine
challenge injection into animals withdrawn for 3 weeks from daily cocaine or
saline. Figure 4 A shows that withdrawal
from chronic cocaine without a cocaine
challenge (T ⫽ 0) was associated with increased levels of filamentous (F)-actin and
reduced levels of Arp3 and Lim-kinase
(LIMK) phosphorylation of cofilin
(p-cofilin).
Akin to spine morphology, Figure 4,
B–D, shows that the effect of acute cocaine
on PSD proteins in the nucleus accumbens
was different between daily cocaine and
saline-withdrawn animals. See supplemental Tables S2 and S3, available at www.
jneurosci.org as supplemental material, Figure 3. Acute cocaine administration (30 mg/kg, i.p.) reveals plasticity in dendritic spines after withdrawal from daily
for ANOVA results on changes in protein cocaine. A, The density of dendritic spines was elevated after acute cocaine in cocaine-withdrawn and saline-withdrawn animals.
content. As predicted by the increase in N ⫽ 2–5. *p ⬍ 0.05 compared with time ⫽ 0 min using a Dunnett’s post hoc test. B, The distribution of dh at different times after
spine density shown in Figure 3A at 360 acute cocaine administration obtained from the same neurons shown in A. N is shown in the legend. *p ⬍ 0.05 comparing all
times to time 0 (before cocaine challenge) within each diameter bin using a Bonferroni post hoc test. C, The relative distribution of
min after injection of cocaine in daily spines with 0.2 ⱖ d ⱖ 0.35 m. D, Examples of changes in dendritic spines at 45 and 120 min after cocaine in daily cocainesaline-withdrawn animals, Figure 4, C and withdrawn animals. hE, Examples of changes in dendritic spines at 360 min after cocaine in daily saline animals. F, Quantification
D, shows a marked elevation in actin bind- of the samples shown in D (Coc) and E (Sa).
ing proteins (Fig. 4C) and PSD proteins
associated with NMDA receptors (Fig.
NMDA receptor subunits, implying that the increase in spine
4 D) in parallel with the increase in spine density. The profile of
density was not associated with a parallel increase in functional
protein changes is compatible with actin remodeling and the forPSD and capacity for glutamate signaling. Indeed, at 120 min
mation of functional synapses. Thus, the NMDA scaffolding proafter injection the level of NR2a was reduced and the lack of
tein PSD-95 and the NMDA receptor subunits, NMDAR1 and
elevation in Rab11 supports the lack of protein delivery to the
NMDAR2a were elevated (Fig. 4 D). The increases in Rab11, a
spine (Brown et al., 2007).
marker for exocytotic endosomal recycling (Brown et al., 2007),
The profile of changes in actin binding proteins was consistent
and in the 20 s subunit of the proteasome supports the increased
with
a lack of coordinated change in the levels NMDA associated
protein turnover necessary for spine formation (Patrick, 2006).
proteins
in the PSD subfraction and spine morphology. Thus, at
Also, the increase in p-cofilin relative to cofilin and the elevation
45
min
after
injection the marked increase in dh (Fig. 3B) was not
in Arp3 indicate reduced F-actin disassembly and increased
accompanied
by increases in any actin binding proteins except
F-actin branching, respectively (Ono, 2003; Pollard, 2007). FiArp3.
By
120
min after acute cocaine injection into cocainenally, the increase in ␤-catenin supports the possibility that the
withdrawn
subjects,
spine density was elevated and there was a
new spines were forming synaptic contacts (Arikkath and
dramatic reversal of dh such that spines with dhⱕ0.2 increased
Reichardt, 2008).
relative to dh ⱖ 0.35 m (Fig. 3B). Notably, these changes in spine
The changes in spine morphology during the first 2 h after
morphology at 120 min were associated with elevated cofilin, and
cocaine in daily cocaine-withdrawn animals were associated with
a lack of increase in p-cofilin and p-LIMK. Elevated cofilin proa different profile of PSD proteins compared with control submotes the disassembly of F-actin (Ono, 2003) and spine retracjects. Most obvious was the lack of increase in PSD-95 or the
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ulation of the PFC to induce field potentials in the NAcore. Consistent with previous in vitro reports (Nicola et al., 1996),
Figure 5A shows that acute cocaine administration reduced field potential amplitude
in both daily saline and cocainewithdrawn subjects during the first 120
min after injection (two-way ANOVA
with repeated measures over time, treatment F(1,13) ⫽ 6.66, p ⫽ 0.022, time F(72,72)
⫽ 3.00, p ⬍ 0.001, interaction F(72,936) ⫽
2.88, p ⬍ 0.001). However, after acute cocaine in control animals, field potential
amplitude increased and became greater
than baseline by 240 min for the duration
of the 6 h experiment, whereas in daily
cocaine-withdrawn subjects field amplitude never returned to the preinjection
baseline. Figure 5C shows input/output
curves obtained immediately before injecting cocaine (time ⫽ 0) and at 120
and/or 360 min after injection, confirming
the LTP-like increase in field amplitude in
control animals that was predicted by the
increase in spine density and PSD proteins
at 360 min after injection (two-way
ANOVA with repeated measures over
time, time F(1,7) ⫽ 34.89, p ⬍ 0.001, current F(7,7) ⫽ 95.17, p ⬍ 0.001, interaction
F(7,56) ⫽ 2.40, p ⫽ 0.032). In contrast, in
chronic cocaine-withdrawn animals an
acute cocaine injection elicited LTD-like
reductions in field amplitude at 120 and
360 min (time F(2,14) ⫽ 38.77, p ⬍ 0.001;
current F(7,14) ⫽ 50.25, p ⬍ 0.001).

Discussion
Repeated cocaine administration induces
enduring changes in excitatory transmission in the nucleus accumbens that are
Figure 4. Withdrawal from daily cocaine results in acute cocaine inducing a different pattern of proteins in the subfraction of thought to underpin addiction in humans
accumbens tissue containing the PSD. A, Basal differences in proteins between daily saline and daily cocaine-withdrawn subjects and the dysregulation of behavior in exbefore injecting acute cocaine. Data were normalized to the saline values, and the open bars indicate a p ⬍ 0.05 difference perimental animals (Koob and LeMoal,
between daily cocaine and saline treatment groups using a Student’s t test. B, Examples of blots showing effects of daily cocaine
2001; Hyman et al., 2006; Kalivas and
(0) versus daily saline (Sa-0) groups before injection of cocaine and changes induced at different times after acute cocaine
administration in daily cocaine-withdrawn animals (10, 45, 120, and 360 min). C, D, Effect of acute cocaine administration (30 O’Brien, 2008). The fact that dysregulated
mg/kg i.p.) on actin binding proteins (C) or PSD proteins associated with glutamate receptors or PSD structure (D). Data were behavior elicited by a subsequent cocaine
normalized to percentage change from time ⫽ 0 in each daily cocaine or saline treatment group. The SEM is shown only when injection defines many animal models of
addiction (Robinson and Berridge, 1993;
there was a p ⬍ 0.05 (*) difference compared with T ⫽ 0 using a one-way ANOVA followed by a Dunnett’s test.
Shalev et al., 2002) underscores the importance of characterizing how the neuroplastion (Zhou et al., 2007). Correspondingly, actin levels in the PSD
ticity elicited by withdrawal from repeated cocaine administrawere reduced and the 20 s subunit of the proteasome increased at
tion alters the subsequent plasticity elicited by an acute cocaine
120 min after cocaine administration. By 360 min after cocaine all
challenge. The neuroplasticity present after withdrawal from reproteins except actin and NMDAR2A had returned to basal levels
peated cocaine may be a form of metaplasticity in that it alters the
in parallel with the restoration of basal levels of spine density and
effect of a subsequent cocaine injection on excitatory transmisdh (Fig. 3 A, B).
sion (Abraham, 2008). For example, withdrawal from cocaine is
associated with changes in the capacity of an acute cocaine injecIncreased field amplitude parallels increased spine density in
tion to increase glutamate release, the ratio of AMPA to NMDA
control, not cocaine animals
currents and the surface expression of GluR1 in the nucleus acIncreased spine density and dh have been associated with augcumbens (Pierce et al., 1996; Boudreau et al., 2007; Kourrich et
mented signaling at excitatory synapses (e.g., long-term potential., 2007). In this report, potential metaplasticity was characteration, LTP), whereas reductions are associated with LTD (Zhou
ized using cocaine-induced changes in dendritic spine density
et al., 2004; De Roo et al., 2008). Accordingly, the functional
status of glutamate transmission was evaluated using in vivo stimand dh, PSD proteins, and NAcore field potentials evoked from
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the PFC. All three measures revealed cocaine metaplasticity because the effect of
acute cocaine was distinct between daily
cocaine and daily saline-withdrawn rats.
Neuroplasticity induced by acute
cocaine in daily
saline-withdrawn animals
Figure 6 A illustrates the temporal pattern
of morphological, proteomic and electrophysiological plasticity produced by a single acute cocaine injection in daily salinepretreated animals. This included an
increase in spine density that was accompanied by a coordinated increase in PSD
proteins regulating the actin cytoskeleton
(Arp3, p-cofilin, p-LIMK and F-actin itself), protein catabolism and trafficking
(20 s subunit and Rab11), and glutamate
receptor associated proteins (PSD-95,
NMDAR1 and NMDAR2A). The parallel
increases in protein and spine density are
consistent with an increase in the number
or function of glutamatergic synapses at
6 h after acute cocaine administration, a
possibility further supported by an associFigure 5. Field potentials evoked in the NAcore induced by stimulating the prefrontal cortex indicates that withdrawal from
ated increase in the amplitude of field po- daily cocaine dissociates field strength from the increase in spine density and diameter induced by acute cocaine. A, Field amplitentials driven by stimulating afferents tude normalized to baseline and quantified for 6 h after cocaine challenge (30 mg/kg i.p.). Data are shown as mean ⫾ SEM field
from the prefrontal cortex. However, it is potential for each 5 min after injecting cocaine. B, Sample field potentials obtained before (0 min) and at different times after
important to note that although these cocaine administration corresponding to the time points where dendritic spines and PSD proteins were quantified. C, Input/output
measures are consistent, to verify a possi- curves conducted at baseline (time ⫽ 0) and at 120 and/or 360 min after cocaine when dendritic spine density was elevated. *p ⬍
ble increased presence of new synapses it is 0.05 comparing time 0 –360 min using an LSD post hoc test (Milliken and Johnson 1984). ⫹p ⬍ 0.05 comparing time 0 –120 min.
necessary to coimmunostain for presynapsisting of an increase in density by 120 min that was initially
tic and postsynaptic markers of synaptic contacts in DiI-filled
associated with increased dh at 45 min, but was followed by a
spines.
marked reduction in dh at 120 min. Importantly, the increase in
Importantly, the neuroadaptations were absent by 24 h after inexcitatory transmission that is often associated with increases in
jection. The relevance of such transient plasticity in cocaine addicspine density and dh (De Roo et al., 2008) was not present during
tion is not clear, but may contribute to a sequence of changes initithis period of dynamic spine morphology. Thus, increased spine
ated by the acute cocaine administration that contributes toward
density was not coupled with the same changes in PSD proteins
establishing the metaplasticity and dysregulated cocaine-induced
and enhanced field potential amplitude that accompanied the
behavior that emerges after withdrawal from repeated cocaine adacute cocaine-induced increase at 6 h in daily saline-withdrawn
ministration. The notion is widely held that the sequence of adaptaanimals. For example, at 45 min when head diameter was entions initiated by acute cocaine-induced increases in dopamine
larged, there was an increase only in Arp3. Although this is conmay ultimately dysregulate behavior and contribute to the develsistent with larger spine heads due to increased Arp3-mediated
opment of addiction (Koob and LeMoal, 2001; Jones and Bonci,
branching of F-actin (Pollard, 2007; De Roo et al., 2008; Wegner
2005; Nestler, 2005). This perspective is based on studies showing
et al., 2008), there were no corresponding increases in other prothat the induction of short- and intermediate-lived transcripteins expected to accompany an increase in dh of functional
tional regulators such as c-fos, NAC-1 and Homer 1a (Mackler et
spines, such as F-actin or PSD-95. Even more striking was the
al., 2000; Szumlinski et al., 2006) is followed by relatively longrapid collapse of the spine heads between 45 and 120 min after
lived transcriptional regulators such as ␦-fosB that accumulate
with repeated administration (Nestler et al., 2001; Girault et al.,
injection that was accompanied by protein changes consistent
2007). Whether this sequential regulation of gene expression
with spine head shrinkage. Notably, there was a reduction in actin
contributes to the neuroplasticity observed 6 h after acute cocaine
probably arising from the marked increase in cofilin that proadministration or the development of cocaine metaplasticity remotes F-actin disassembly (Pollard, 2007). The rise in cofilin was
mains to be determined.
presumably facilitated by the previously reported downregulation of LIMK associated with withdrawal from repeated cocaine
Cocaine metaplasticity after withdrawal from chronic cocaine
(Toda et al., 2006). This interpretation is supported by the fact
In contrast to the coordinated neuroplasticity in the NAcore 6 h
that the rise in cofilin was not associated with elevations in
after acute cocaine in control animals, putative metaplasticity
p-cofilin or p-LIMK. Also consistent with collapsing spines, the
revealed by an acute cocaine injection in cocaine-withdrawn anlevel of NMDAR2A was reduced at 120 min. Finally, the 20 s
imals occurred with a different time course. Figure 6 B illustrates
subunit of the proteasome was elevated, indicative of increased
that the acute cocaine-induced changes in spine morphology
protein degradation accompanying shrinking spine head diamewere relatively rapid in daily cocaine-withdrawn subjects, conter and possibly a result of a chronic cocaine-induced rise in
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MSNs in other striatal compartments
show similar metaplasticity. Indeed, anatomical and electrophysiological data indicate that the daily cocaine-induced effects may be distinct between the NAcore
and shell subcompartment of the accumbens (Robinson and Kolb, 2004; Martin et
al., 2006). (2) MSNs differentially express
D1 and D2 dopamine receptors, and repeated cocaine-induced changes in spine
density appear to occur preferentially in
the D1-expressing MSNs (Lee et al., 2006).
It is unknown whether the metaplasticity
described herein is preferential for D1expressing neurons.
Conclusions
The capacity of chronic cocaine treatment
to modify the behavioral response to subsequent cocaine administration is well
characterized (Robinson and Berridge,
1993; Koob and LeMoal, 2001; Kalivas and
O’Brien, 2008). Here we demonstrate that
withdrawal from repeated cocaine is associated with metaplasticity in NAcore
Figure 6. Summary of the plasticity induced by an acute cocaine injection in animals withdrawn from daily cocaine or saline
treatments. The illustration is not a drawing of a biological sample but provides a generalized view of how spine morphology is MSNs that is manifested by the induction
altered by withdrawal from daily cocaine or saline and a subsequent acute cocaine challenge. A, In daily saline-withdrawn of rapid changes in dendritic spine moranimals, the only effect occurred after 360 min after acute cocaine administration and consisted of a coordinated increase in spine phology in response to a subsequent acute
density PSD proteins and amplitude of field potentials elicited by prefrontal cortex stimulation. B, In daily cocaine-withdrawn cocaine challenge. Notably, the change in
subjects, acute cocaine elicited rapid bidirectional changes in spine morphology over the first 2 h after acute cocaine injection that spine morphology was at least partly diswere associated with a reduction in field amplitude. Actin binding proteins revealed an increase in branching and gradual decrease sociated from expected elevations in PSD
in actin content due to increases in cofilin. Although spine morphology appeared to normalize by 360 min after injection, the proteins and increases in field potential
continued reduction in actin and NMDA2A was paralleled by an enduring decrease in field amplitude. —, No change; up arrow, amplitude. Given the critical role played
increase; down arrow, decrease; arrow with line, strong trend toward change.
by glutamatergic transmission in the NAcore in animal models of addiction it
NAC-1 that promotes translocation of the proteasome into the
seems likely that the metaplasticity associated with withdrawal
PSD (Shen et al., 2007). Surprisingly, the reduction in actin and
from repeated cocaine administration may also be important in
PSD-95 at 120 min after acute cocaine administration was assothe dysregulated cocaine-induced behaviors manifested by cociated with an overall increase in the total protein content in the
caine addicts, such as cocaine-induced paranoia and relapse.
PSD subfraction (supplemental Fig. S3, available at www.
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