
Synapse Density and Dendritic Complexity Are Reduced
in the Prefrontal Cortex following Seven Days of Forced
Abstinence from Cocaine Self-Administration
Khampaseuth Rasakham1, Heath D. Schmidt2, Kevin Kay1, Megan N. Huizenga1, Narghes Calcagno1,

R. Christopher Pierce2, Tara L. Spires-Jones1.¤, Ghazaleh Sadri-Vakili1*.

1 MassGeneral Institute for Neurodegenerative Disease, Massachusetts General Hospital, Boston, Massachusetts, United States of America, 2 Center for Neurobiology and

Behavior, Department of Psychiatry, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, United States of America

Abstract

Chronic cocaine exposure in both human addicts and in rodent models of addiction reduces prefrontal cortical activity,
which subsequently dysregulates reward processing and higher order executive function. The net effect of this impaired
gating of behavior is enhanced vulnerability to relapse. Previously we have shown that cocaine-induced increases in brain-
derived neurotrophic factor (BDNF) expression in the medial prefrontal cortex (PFC) is a neuroadaptive mechanism that
blunts the reinforcing efficacy of cocaine. As BDNF is known to affect neuronal survival and synaptic plasticity, we tested the
hypothesis that abstinence from cocaine self-administration would lead to alterations in neuronal morphology and synaptic
density in the PFC. Using a novel technique, array tomography and Golgi staining, morphological changes in the rat PFC
were analyzed following 14 days of cocaine self-administration and 7 days of forced abstinence. Our results indicate that
overall dendritic branching and total synaptic density are significantly reduced in the rat PFC. In contrast, the density of thin
dendritic spines are significantly increased on layer V pyramidal neurons of the PFC. These findings indicate that dynamic
structural changes occur during cocaine abstinence that may contribute to the observed hypo-activity of the PFC in
cocaine-addicted individuals.
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Introduction

Alterations in structural plasticity within the reward circuitry are

proposed to be key mechanisms contributing to cocaine’s powerful

ability to maintain drug-seeking behavior (reviewed in [1]).

Previous studies have shown an increase in dendritic arborization

and spine density in the nucleus accumbens (NAc) [2–4], ventral

tegmental area [5], and the prefrontal cortex (PFC) [6] following

exposure to cocaine. While most studies have focused on structural

changes associated with the dysfunctional activity of the NAc,

considerably fewer studies have examined the alterations in the

PFC. Several lines of evidence demonstrate dysfunction of the

PFC following chronic cocaine exposure in both human addicts

[7,8] and in rodent models of addiction [9,10]. Therefore,

characterizing the structural changes that occur in the PFC is

pertinent to understanding the molecular events that underlie

addiction.

The PFC regulates impulse control and decision-making and

thus plays an important role in an individual’s ability to control

behavior, particularly in drug dependence [8,11]. For example, in

individuals addicted to cocaine, decreased prefrontal cortex

activation is associated with drug withdrawal and disrupted higher

order executive responses [7,8], which can enhance vulnerability

to relapse. In rodents, increased neuronal activity in the PFC is

associated with cocaine intake [9,10], compulsive drug-seeking

behavior [12], and cocaine reinstatement after withdrawal [13–

15]. In addition, membrane bistability is abolished in the PFC

following chronic cocaine administration [16]. Finally, drug-

induced metabolic activity in the PFC is blunted in rats

administered a challenge injection during withdrawal from

cocaine self-administration [9,17]. Together, these studies indicate

that chronic cocaine induces profound functional changes in PFC

that may be associated with an increase in the number of

inhibitory synapses and/or a reduction in excitatory synapses in

the PFC. However, the morphological alterations that occur in the

PFC following chronic drug use have not been elucidated.

In the present study we sought to examine whether abstinence

from cocaine leads to structural changes in the PFC. Morpholog-

ical alterations were examined using a traditional method, Golgi

staining, as well as a novel technique, array tomography. Array

tomography is a unique method that combines ultrathin tissue

sectioning with immunofluorescence and three-dimensional image
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reconstruction to allow accurate quantification of total and sub-

type specific synapse density [18,19]. Using these methods, our

results indicated substantial plasticity in rat PFC in response to

abstinence form cocaine.

Materials and Methods

Animals and housing
Male Sprague-Dawley rats (Rattus norvegicus) weighing 250–

300 g were obtained from Taconic Laboratories (Germantown,

NY). Animals were individually housed with food and water

available ad libitum in their home cage. The experimental

protocols were all consistent with the guidelines issued by the

U.S. National Institutes of Health and were approved by the

Perelman School of Medicine at the University of Pennsylvania

and the University of Pennsylvania’s Institutional Animal Care

and Use Committee.

Surgery
Prior to surgery, the rats were anesthetized with 80 mg/kg

ketamine and 12 mg/kg xylazine (i.p.; Sigma-Aldrich, St. Louis,

MO). An indwelling silastic catheter (inner diameter 0.33 mm,

outer diameter 0.64 mm) was inserted into the right jugular vein

and sutured in place. The catheter was then passed subcutaneously

over the shoulder blade and routed to a mesh backmount platform

(CamCath, Cambridge, UK) that was sutured below the skin

directly above the scapulae. Catheters were flushed daily with

0.3 ml of the antibiotic Timentin (ticarcillin disodium/potassium

clavulanate, 0.93 mg/ml; Henry Schein, Melville, NY) dissolved

in heparinized saline (10 U/ml). The catheters were sealed with

plastic obturators when not in use.

Cocaine self-administration
Rats were allowed 7 days to recover from surgery before

cocaine self-administration commenced. Rats were randomly

assigned to one of two groups: cocaine self-administering animals

and yoked saline controls. Each rat trained to respond for

contingent cocaine infusions was paired with a yoked subject that

received the same number and temporal pattern of infusions as

self-administered by the paired cocaine-experimental rat. Lever

pressing for the saline-yoked rats had no scheduled consequences.

Initially, cocaine-experimental rats were placed in the modular

operant chambers (Med Associates, St. Albans, VT) and allowed

to lever press for intravenous cocaine infusions (0.25 mg cocaine/

59 ml saline, infusion over 5 s) on a fixed-ratio 1 (FR1) schedule of

reinforcement. Once a cocaine-experimental rat achieved at least

20 infusions of cocaine in a single operant session under the FR1

schedule, the response requirement was switched to a FR5

schedule of reinforcement. For responding on both fixed ratio

schedules, the maximum number of cocaine infusions was limited

to 30 per daily self-administration session and a 20 s time-out

period followed each cocaine infusion, during which time active

lever responses were tabulated but had no scheduled consequenc-

es. Daily 2 h operant sessions (7 days/week) were conducted for a

total of 14 days. Responses made on the inactive lever, which had

no scheduled consequences, were also recorded during both the

FR1 and FR5 training sessions.

After the 14th daily operant session, cocaine-experimental and

yoked saline control rats were returned to their home cages where

they underwent 7 days of forced drug abstinence. On the 7th day

of cocaine abstinence, brains were removed and the PFC was

dissected on ice. Seven days of cocaine abstinence were chosen in

order to draw direct comparisons to our previously published

study examining cocaine-induced changes in PFC BDNF expres-

sion [20].

Perfusion
Rats were anesthesized (100 mg/kg, i.p. sodium pentobarbital)

and perfused with ice-cold 4% paraformaldehyde in 0.1 M PB,

pH 7.4 (PFA). One hemisphere from each brain was used for golgi

staining and the other hemisphere for array tomography. Array

hemispheres were post-fixed in 4% PFA with 2.5% sucrose for

2 hours and Golgi hemispheres were post fixed for 48 h in 4%

PFA.

Array Tomography
Array tomography experiments were performed as previously

described [19,21]. Briefly, PFA fixed tissue was embedded in resin

and coronal (70 nm) sections at the level of the mPFC were cut

and collected as a ribbon. Ribbons were hydrated in 50 mM

glycine in Tris and blocked in blocking solution (0.05% Tween/

0.1% bovine serum albumin in Tris buffer (50 mM Tris/150 mM

NaCl, pH 7.6). The ribbons were stained with primary antibodies,

GAD65 (Chemicon), PSD95 (Cell Signaling), or synaptophysin

(Abcam), in blocking solution overnight at 4uC. Ribbons were

washed with Tris buffer and stained with secondary antibodies at

1:50 in blocking solution (goat anti-mouse Alexa-flour 488 and

goat anti-rabbit cy3 or donkey anti-rabbit cy5). Ribbons were

counter stained with DAPI to facilitate finding the same sites on

every section. Tile-scan images were collected using a Zeiss

AxioImager Z2 epifluorescence microscope. Images from the same

site on each of 20–30 serial sections per ribbon were acquired at

63x with automated programs specialized for array tomography.

Array Tomography Analysis
The serial images from each ribbon were opened sequentially,

converted to a stack and aligned with the plugins MultiStackReg

and StackReg (courtesy of B. Busse at Stanford University and

[21,22]. Crop boxes (19.5 mmx19.5 mm) were used to select

regions of interest (ROI) in the neuropil for quantification.

Selections had to exclude neuronal cell bodies or other obscuring

features. For automated image analysis, crops of interest (or ROIs)

for synaptophysin, glutamic acid decarboxylase-65 (GAD65) and

PSD95 were automatically thresholded respectively with automat-

ed algorithms in ImageJ. Crops were coded and analysis was run

blind to condition. An automated, threshold-based detection

program to quantify the number of puncta identified as positive

synapses was used as previously described [23]. Densities of

presynaptic terminals, excitatory postsynaptic terminals, and the

percentage of GAD-positive (inhibitory) synapses were calculated

from an average of 75 sample sites per animal collected from two

different tissue blocks from the PFC (n = 5 cocaine treated, 5 saline

treated animals) for a total of 29,154 postsynaptic puncta and

53,565 presynaptic puncta from 818 sampling sites across the 5

saline treated animals and 29,662 postsynaptic and 17,034

presynaptic puncta from 588 sampling sites across the 5 cocaine

treated animals. The median values for synapse density and the

percentage of inhibitory synapses per animal were calculated and

t-tests run using the animal medians to test whether there was a

difference between group means.

Rapid-Golgi Method
Single section Golgi staining was performed as described

previously [24,25]. Briefly, the mPFC from one hemisphere of

each animal was cut into 100 mm coronal sections and post-fixed

in 1% osmium tetraoxide followed by three washes in 0.1 M PB,
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pH 7.4. Sections were incubated in 3.5% potassium dichromate

overnight, washed briefly and infiltrated with 1.5% silver nitrate

by the sandwich method [25]. Sections were mounted on gelatin-

coated slides with 20% sucrose and dehydrated through a series of

alcohol concentrations followed by de-fatting in xylene and

coverslipping.

Golgi Analysis
Golgi slides were coded and analyzed blind to condition and all

analyzed by the same experimenter. Neuronal images and tracings

and representative images of dendritic spines were collected using

an upright BX51 Olympus microscope with an integrated

motorized stage (Prior Scientific, Rockland, MA) with a

2060.7 NA objective. For dendritic branching analysis, 7 neurons

were selected for analysis per animal. We measured neurite length

and complexity using the macros NeuronJ and Advanced Sholl

Analysis, respectively. The number of intersections (branch points)

within concentric circles at radii between 5–250 mm (including

basal and apical dendrites) were measured and compared between

groups. For spine density analysis, 4–5 segments of at least 20 mm

in length from third order basal dendrites were analyzed per

neuron from 5–7 neurons per animal using a Zeiss AxioImager Z2

epifluorescence microscope with a 63x oil-immersion objective.

Spine morphology was classified as described previously [26].

Linear spine density for each dendritic segment and spine

morphology (thin, stubby, mushroom, cup-shaped) of each spine

were compared between groups. Open source software from

National Institutes of Health (ImageJ) was used for Golgi and

array tomography data analysis.

Results

Abstinence from cocaine reduces total synapse density
Array tomography was used to measure changes in both

excitatory and inhibitory synapses in order to determine the

specific morphological alterations that occur in the PFC in

response to abstinence from cocaine self-administration. Array

tomography is a high-throughput method that allows for the

accurate quantification of total, inhibitory, and excitatory synapses

in structures that are too small to be properly identified or

localized with traditional confocal microscopy methods [19]. As

both inhibitory and excitatory synapses are essential components

of the drug reward circuitry [13,27,28] we used this novel

methodology to assess morphological changes in the PFC during

abstinence from cocaine. Seventy nm PFC sections from one brain

hemisphere of 5 yoked-saline and 5 cocaine-experienced rats were

stained with antibodies to PSD95, a postsynaptic excitatory

marker, synaptophysin, a presynaptic marker, and GAD65, which

labeled inhibitory neurons and synapses. Synapse densities and the

percentage of inhibitory synapses were determined in cortical layer

V (Figure 1A and 1B). Our results indicate that during abstinence

from cocaine there was a significant decrease in synaptophysin

density (Figure 1C), which measures all presynaptic terminals

[t(7) = 2, p,0.05]. There was no significant decrease in excitatory

synapse density [t(8) = 0.48, p = 0.32] as measured by counting

PSD95 puncta (Figure 1D). Interestingly, there was a non-

significant trend toward an increase in the percentage of

GAD65-positive inhibitory synapses [t(8) = 21.39, p = 0.9] (Fig-

ure 2E).

Abstinence from cocaine reduces dendritic branching
while transiently increasing spine density in the PFC

The Golgi method was used to examine alterations in neuronal

branching and dendritic spine density in order to confirm the

ultrastructural changes observed in synapse density (Figure 1). We

performed single section rapid Golgi impregnation on a subset of

neurons in the PFC from the other hemispheres of the same

animals that were used for the array tomography studies.

Dendritic branching, dendritic spine counts, and spine morphol-

ogy were assessed. Two representative pyramidal neurons from the

PFC of a yoked-saline control and a cocaine-exposed rat are

shown in Figure 2A. Sholl plot measured the number of

intersections (branch points) within concentric circles at radii

between 5–250 mm. Our results demonstrate that following 7 days

of forced abstinence from cocaine self-administration there was a

significant reduction in dendritic complexity (Figure 2B). Two-way

repeated measures ANOVA analysis of sholl plot data revealed

significant main effects of treatment [F(1,738) = 30.59, p,0.0001]

and radius [F(245, 738) = 289.6, p,0.0001] (Figure 2B), confirming

a loss of dendrites that agree with the loss of synapses measured in

array studies (Figure 1C). Analysis of second and third order

basilar dendrites revealed a significant increase in dendritic spines

following 7 days of cocaine abstinence [t(6) = 23.12, p,0.05]

(Figure 2D). More specifically, abstinence from cocaine exposure

increased the number of thin spine subtype, while having no

significant effect on other spine subtypes (Figure 2E), as revealed

by two way repeated measures ANOVA with main effects of

treatment [F(1,30) = 11.9, p = 0.0017], spine subtype [F(4,30) = 57.7,

p,0.0001], and a significant treatment x spine subtype interaction

[F(1, 4, 30) = 8.8, p,0.0001].

Discussion

In the present study we demonstrate that there are pronounced

structural and synaptic changes in layer V of the PFC following 7

days of forced abstinence from cocaine self-administration.

Specifically, there is a significant decrease in dendritic branching

of pyramidal neurons and a general loss in synapse density as

measured by decreased density of overall presynaptic boutons

labeled with synaptophysin. Despite the loss of presynaptic density,

basal dendrites of layer V pyramidal neurons underwent an

increase in dendritic spine density, particularly of thin, plastic

spines. As we did not detect significant changes in density of

PSD95, it can be speculated that decreases in presynaptic

terminals but increase in spine density may be due to an increase

in number of multi-synaptic boutons. Additionally, it is also worth

noting that we observed a trend towards increased inhibitory

synapses in the PFC. Since thin spines are involved in plasticity

[29], the increase in these spines could represent compensatory

plasticity to maintain synaptic inputs on these denervated neurons

which have lost dendritic branches.

Previous studies demonstrated that cocaine increases dendritic

arborization and spine density in the NAc [2–4]. Recently,

Dumitriu et al., 2012 [30] demonstrated that cocaine dynamically

alters proximal spines in the NAc core and shell. Specifically, in

the shell, withdrawal from cocaine increased thin spines, while

decreasing mushroom spine head density in the NAc shell [30]. In

contrast to studies of the NAc, there are only a few studies that

have examined cocaine’s effects on neuronal morphology in the

PFC [6,31]. Our data are consistent with a recent study

demonstrating that cocaine induces an increase in spine density

in the PFC [31]. Notably, mice that had a greater increase in

persistent and stable spines, i.e. spines present 3 days post-

withdrawal, on apical dendrites showed higher cocaine condi-

tioned place preference scores and cocaine-induced hyperactivity

[31]. A previous study in rat PFC layer II-III neurons reported

values of approximately 3 spines per mm of dendrite on both apical

and basal dendrites, a surprisingly dense level of spines that was
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modifiable by stress [32]. Our values in control rats of ,2 spines/

10 mm of dendritic segments are lower, which may be due to the

different neuronal population analyzed (layer V basal dendrites) or

to the difference in imaging technique. In the present study we

used the single section rapid Golgi staining method while

iontophoretic injections of Lucifer yellow dye combined with

confocal imaging were used by Radley and colleagues [32] to

visualize neuronal and dendritic morphology. In addition, our

findings also highlight the importance of the duration of

abstinence from cocaine self-administration that lead to structural

changes in the brain. A previously published report demonstrated

an increase in dendritic arborization following long-term (24–25

days) withdrawal from cocaine in female rats [6], in contrast to our

observed decrease following 7 days of forced abstinence in male

rats. Despite these methodological differences and differences in

branching data, increased number of spines was observed in both

studies, confirming large-scale circuit reorganization during

cocaine abstinence. Future studies will elucidate the time course

of these events in order to determine whether these structural

changes are transient or long-lasting.

Our findings indicate that forced abstinence from cocaine self-

administration induces dynamic structural changes and causes

synaptic re-organization in the PFC. These results may explain the

hypo-activity in the PFC that occurs as a result of repeated cocaine

exposure [8,33]. Furthermore, our findings support previous

studies demonstrating deactivation of the PFC [7,8], and increased

extracellular GABA in the medial PFC during cocaine withdrawal

[34]. Thus, the mechanisms accounting for PFC hypo-activity

following chronic cocaine exposure [8,10] may include (1) an

increase in GABAergic, (2) reduction in glutamatergic and/or (3)

reduction in dopaminergic synaptic input to the PFC. The present

study demonstrates that abstinence from cocaine significantly

Figure 1. Array tomography reveals alterations in synapse density in the PFC following 7 days of abstinence from cocaine. (A)
Ribbons of 70 nm sections were stained with postsynaptic marker PSD95 (red), presynaptic marker synaptophysin (green), and DAPI to label nuclei
(blue) (B) Another set of ribbons were stained with synaptophysin (green) and GAD65 (magenta) to determine the percentage of inhibitory synapses.
Raw images of single sections from saline (left) and cocaine treated (right) rats are shown in the top row of panels A and B. Images were aligned,
processed to remove noise, and synapses detected in three-dimensional volumes as shown in the 3D rendering of 5 serial sections (bottom rows A
and B) (C) Quantification of presynaptic terminals (D) Quantification of PSD95 positive postsynaptic terminals (E) Quantification of GAD65 positive
terminals. Graphs show mean + S.E.M. * p,0.05 t-test; n = 5 animals/group; scale bar = 10 mm top panels, and 2 mm bottom panels.
doi:10.1371/journal.pone.0102524.g001
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reduces overall synapse density as indicated by a reduction in the

number of synaptophysin positive synaptic puncta. These data

suggest that there is a reduction in post-synaptic responsiveness in

the PFC, possibly mediated by decreased glutamate or dopamine

input. Indeed, there are studies indicating that cocaine induces

reductions in glutamatergic tone [35,36]. However, using the

Golgi method, we observed an increase in the number of thin

dendritic spines on basal dendrites of pyramidal neurons, which

suggests an increase in excitatory input in the PFC to remaining

neurites. These apparently conflicting data may reflect an overall

loss of synapses associated with the large loss of dendrites we

observe with a compensatory response, possibly mediated by

increased BDNF, as shown in our previous findings [20], to

increase the density of dendritic spines on remaining neurites.

Collectively, our findings indicate dynamic re-organization in

the PFC during cocaine abstinence. Specifically, there is a

significant reduction in synaptic connectivity, loss of dendritic

branching and an increase in the number of thin spines in the rat

PFC following 7 days of forced drug abstinence from cocaine self-

administration. These results may provide the structural basis for

the observed hypo-activity observed in the PFC of chronic cocaine

abusers and perhaps explain the loss of cognitive control that

occurs during cocaine addiction.
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