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ABSTRACT

BACKGROUND: As a more detailed picture of nervous system function emerges, diversity of astrocyte function
becomes more widely appreciated. While it has been shown that cocaine experience impairs astroglial glutamate
uptake and release in the nucleus accumbens (NAc), few studies have explored effects of self-administration on the
structure and physiology of astrocytes. We investigated the effects of extinction from daily cocaine self-
administration on astrocyte characteristics including glial fibrillary acidic protein (GFAP) expression, surface area,
volume, and colocalization with a synaptic marker.

METHODS: Cocaine or saline self-administration and extinction were paired with GFAP Westerns, immunohisto-
chemistry, and fluorescent imaging of NAc core astrocytes (30 saline-administering and 36 cocaine-administering
male Sprague Dawley rats were employed). Imaging was performed using a membrane-tagged lymphocyte protein
tyrosine kinase-green fluorescent protein (Lck-GFP) driven by the GFAP promoter, coupled with synapsin |
immunohistochemistry.

RESULTS: GFAP expression was significantly reduced in the NAc core following cocaine self-administration and
extinction. Similarly, we observed an overall smaller surface area and volume of astrocytes, as well as reduced
colocalization with synapsin |, in cocaine-administering animals. Cocaine-mediated reductions in synaptic contact
were reversed by the p-lactam antibiotic ceftriaxone.

CONCLUSIONS: Multiple lines of investigation indicate that NAc core astrocytes exist in a hyporeactive state
following cocaine self-administration and extinction. Decreased association with synaptic elements may be
particularly meaningful, as cessation of chronic cocaine use is associated with changes in synaptic strength and
resistance to the induction of synaptic plasticity. We hypothesize that the reduced synaptic colocalization of
astrocytes represents an important maladaptive cellular response to cocaine and the mechanisms underlying relapse
vulnerability.
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Astrocytes are critically involved in a wide range of physio-
logical processes in the nervous system, including synapse
formation, synaptic transmission, neuronal energy metabo-
lism, extracellular ion homeostasis, blood flow, and sleep
(1-3). In addition, disruption in astrocyte-mediated modulation
of neuronal function has been implicated in a wide range of
disease processes, including schizophrenia, depression, and
addiction (4). Supporting a role for astrocytes in plasticity
associated with drug seeking, Bull et al. (5) have shown that
activating Gg-coupled signaling via designer receptors exclu-
sively activated by designer drugs (DREADD) receptors selec-
tively expressed in nucleus accumbens (NAc) core astrocytes
inhibits motivation to seek ethanol. Similarly, activating glial
Gg-DREADD receptors in the NAc core decreases cued
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cocaine seeking, an effect mediated by group Il metabotropic
glutamate receptors (6). In agreement with the proposed role
for astrocytes in addiction-related processes, Turner et al. (7)
reported that transgenic overexpression of a dominant neg-
ative component of vesicular release machinery in astrocytes
leads to deficits in cocaine reinstatement and conditioned
place preference. Collectively, these and other studies support
a role for astrocytes in the cellular mechanisms of addiction
[for review, see (8)].

A seminal feature of cocaine-induced adaptations in astro-
cytes is decreased expression and activity of the high-affinity
glial glutamate transporter (GLT-1) (9). In general, decreased
expression of GLT-1 is associated with an increase in reactive
astrogliosis following injury, ischemia, and neural degeneration
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(10-12), raising the hypothesis that NAc astrocytes may exist
in a state of reactive astrogliosis following self-administration
and extinction. Indeed, astrocyte activation has been reported
following noncontingent administration of cocaine, metham-
phetamine, and opiates (13-16) and is associated with
methamphetamine-induced neurotoxicity and opiate-induced
hypersensitivity to pain (17,18). Further, astrocyte activation
is generally characterized by increased expression of the
intermediate filament protein, glial fibrillary acidic protein
(GFAP) (19). Thus, we hypothesized that operant cocaine
self-administration and extinction would similarly impact
GFAP expression as well as structural aspects of astrocyte
physiology.

However, results from a series of complementary ap-
proaches indicated opposite effects of cocaine self-
administration. Cocaine self-administration and extinction
training rendered NAc astrocytes in a state characterized by
decreased GFAP expression, surface area, volume, and
decreased colocalization with synapsin |. The cocaine-
mediated decrease in synaptic colocalization was reversed
by administration of ceftriaxone, a compound previously
shown to restore expression of GLT-1, normalize extrasynap-
tic glutamate levels, and impair cocaine reinstatement (9,20).
These data expand the spectrum of the adaptations that occur
in response to chronic cocaine exposure in the central
nervous system and infer broad implications toward a more
complete understanding of the cocaine-induced adaptations
in synaptic communication and plasticity responsible for
relapse vulnerability.

METHODS AND MATERIALS

Animals and Surgical Procedures

Male Sprague Dawley rats (200-250 g) were purchased from
both Harlan (Boston, MA) and Charles River (Indianapolis, IN).
They were housed individually in a temperature-controlled
environment on a 12-hour reverse light cycle. Following
approximately 1 week of environmental acclimation, animals
were anesthetized with ketamine (100 mg/kg) and xylazine
(7 mg/kg), together with ketorolac analgesic (0.28-0.32 mg/kg).
A 13-cm Bio-sil Silastic catheter (0.02 inner diameter, 0.047
outer diameter [Dow Corning, Midland, MI]) was implanted into
the right jugular vein, exiting the back attached to a 22-gauge
cannula (Plastics One, Wallingford, CT). Prophylactic antibiotic
(Timentin 10 mg/0.1 mL, intravenous; GlaxoSmithKline,
Research Triangle Park, NC) was administered during surgery
and 4 days postoperatively. Catheters were flushed daily with
heparin (0.1 mL, 100 U/mL) until the end of self-administration.

For imaging of green fluorescent protein (GFP)-labeled
astrocytes, lymphocyte protein tyrosine kinase (Lck)-GFP
expressed under the control of the GfaABC1D promoter in
adeno-associated virus type 5 (21) was microinjected imme-
diately following catheterization into the nucleus accumbens
(1.0 pL per side, 7.3 X 10" particles/mL at 0.1 pL/min)
followed by a >15-minute diffusion time, and microinjectors
were slowly removed over a period of 1 to 2 minutes. Virus
was microinjected into the NAc core with 26-gauge injectors at
a 6° angle at the following coordinate (mm): +1.5 anterior/
posterior, +2.6 medial/lateral, —7.2 dorsal/ventral (22). Lck
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plasmid provided by Baljit Khakh (University of California, Los
Angeles) was packaged into adeno-associated virus type 5 by
the University of North Carolina at Chapel Hill Viral Vector
core.

Behavioral Training

All operant training (2 hours/session) was performed in stand-
ard rat modular test chambers (Med Associates, St. Albans,
VT) at the same time daily. Before onset of cocaine
self-administration, animals received a food training session
(10 to 12 hours) in which an active lever press resulted in the
administration of a single 45 mg food pellet (Bio-Serv,
Flemington, NJ). Following food training, animals were main-
tained on ~20 g chow per day. Self-administration of cocaine
was performed on a fixed-ratio 1 schedule, 0.2 mg per infusion
paired with a light and tone (70-72 dB). Each infusion was
followed by a 20-second time-out period. Infusions were
capped to 40 for the first 2 days of self-administration and
unrestricted thereafter. Criteria for self-administration was 10
days of at least 10 cocaine infusions received, followed by 14
to 16 sessions of extinction training. Cocaine was provided by
the National Institute on Drug Abuse Drug Supply Program.
Ceftriaxone (100 mg/kg, intraperitoneal) (Hospira Worldwide,
Inc., Lake Forest, IL) or vehicle (sterile saline) was administered
30 minutes before the last 10 extinction sessions.

Western Blotting and Immunohistochemistry

For Western blotting, animals were rapidly decapitated 24
hours after the last extinction training session. Tissue was
homogenized in 0.32 mol/L sucrose, 10 mmol/L 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (pH 7.4) and protease/
phosphatase inhibitor cocktail (Thermo Scientific, Waltham
MA). Following centrifugation at 1000 g for 10 minutes, the
supernatant was separated into a crude membrane fraction
and a crude cytosolic fraction by centrifugation at 12,000 g for
20 minutes. Protein content in the S2 cytosolic fraction was
determined by the bicinchoninic acid method (Thermo Scien-
tific) and 10 pg was separated on BisTris gels (Bio-Rad,
Hercules, CA) and transferred to polyvinylidene fluoride mem-
branes, then probed using anti-GFAP (ab7779, 1:1000;
Abcam, Cambridge, MA) and anti-glyceraldehyde 3-phos-
phate dehydrogenase (1:2000; Cell Signaling, Danvers, MA).
For GFAP immunohistochemistry, animals were deeply
anesthetized with pentobarbital 24 hours after the last
extinction session and perfused with 150 mL 1 X phosphate
buffer (PB) followed by 200 mL 4% paraformaldehyde in
1 X PB. Brains were postfixed overnight in 4% paraformal-
dehyde in 1X PB. Brains were then transferred to 30%
sucrose in 1 X PB containing 0.1% sodium azide for 1 to 2
days at 4°C, then transferred to 1X phosphate buffered
saline (PBS) and sliced 45 um on a cryostat. Serial sections
(every six sections, approximately 2.6 to 1.0 mm anterior to
bregma) were stained for GFAP and visualized using vaso-
active intestinal peptide peroxidase substrate as follows:
slices were blocked with 10% normal goat serum (NGS) in
PBS with Tween (PBST) for an hour and probed at room
temperature overnight in anti-GFAP (ab7779, 1:1000; Abcam)
in PBST containing 3% NGS. Slices were washed three times
(10 minutes each) in PBST containing 3% NGS and
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incubated for 1 hour at room temperature in biotinylated goat
anti-rabbit (1:200; Vector Labs, Burlingame, CA) in PBST +
3% NGS. Sections were then washed twice in PBST + 3%
NGS and once in PBS. Slices were incubated at room
temperature with avidin-biotin complex (Vector Labs) and
washed three times in PBS before developed in vasoactive
intestinal peptide for 15 seconds (SK-4600; Vector Labs).
Slices were washed again in PBS three times (10 minutes
each) followed by 3 X 10-minute wash in PB. Slices were
mounted in PB on clean slides (Fisherbrand Superfrost Plus;
Fisher, Pittsburgh, PA) and dried and dehydrated in ethanol,
and coverslips were added using Permount (Fisher).

Stereological Cell Counts

Quantitative estimates of the total number of GFAP immuno-
reactive (GFAP-ir) neurons in the NAc core were achieved
using an unbiased, stereological cell counting method (23,24).
Briefly, the optical fractionator system consists of a computer-
assisted image analysis system including a Nikon Eclipse
E-600 microscope hard-coupled to a Prior H128 computer
controlled x-y-z motorized stage, an Olympus-750 video
camera system, a Micron Pentium Il 450 computer, and
stereological software (Stereoinvestigator; MicroBrightField
Inc., Colchester, VT). The NAc core was outlined under low
magnification (10X) on every sixth section through the
rostrocaudal extent of the NAc core, and the outlined region
was measured with a systematic random design of dissector
counting frames (100 X 100 pm). Actual mounted section
thickness was found to be 35 to 37 pm, and a 2-pm guard
zone was set for the top and bottom of each section. A 40 X
objective lens with a 1.4 numerical aperture was used to count
cells within the counting frames. The selection of the first
section from the NAc core in the rostral position was random
and every sixth section was counted, rendering a systematic
random design. The total number of GFAP-ir neurons was
calculated. Outline contours drawn for NAc core cell counts
included areas containing GFAP-ir cells and excluded the
anterior commissure.

Astrocyte Imaging and Colocalization

For fluorescence imaging and colocalization studies, animals
were deeply anesthetized with pentobarbital (100 mg/kg) and
perfused with 200 mL PB followed by 200 mL 4% paraformal-
dehyde in 1 X PB. Brains were postfixed for 2 to 5 hours, then
transferred to 1 X PBS at 4°C. Coronal slices of accumbens
(100 pum) were prepared on a vibratome and washed three times
for 5 minutes in 1 X PBS with 2% Triton-X 100 (Fisher), then
blocked with 2% NGS in 1 X PBS containing 2% Triton-X 100
for 1 hour. Sections were then incubated in 2% NGS-PBST with
a rabbit polyclonal antibody against synapsin-1 (Ab8, 1:500;
Abcam) overnight at 4°C. Sections were washed three times for
5 minutes in 1 X PBST followed by 8 hours at room temperature
with an Alexa-594 conjugated goat anti-rabbit antibody (1:1000;
Life Technologies, Carlsbad, CA), then washed three more times
before slide mounting with ProLong Diamond Antifade (Life
Technologies).

Z-stacks were acquired using a Leica laser-scanning con-
focal microscope SP6 spinning disc confocal (Leica, Buffalo
Grove, IL) equipped with the argon (Ar 488 nm), krypton (Kr
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568 nm), and helium-neon (He-Ne 633 nm) laser line. GFP was
excited using the 488 nm wavelength with a fluorescein filter
set, and Alexa 594 labeled synapsin was acquired using the
568 nm wavelength and rhodamine-like filter set. All images
were acquired using a 63 X oil immersion objective with a
1 X digital zoom factor. Acquisition settings were as follows:
1024 X 1024 frame size, 12-bit image resolution, frame
average of 4, and a 2-um step size. Z-stacks were typically
in the range of 22 to 35 um. Care was taken to ensure that
selected astrocytes were complete through the x, y, and z
planes and nonoverlapping (Supplemental Figure S2).
Acquired z-stacks were exported to BitPlane Autoquant
deconvolution software (10 iterations) (BitPlane, Zurich, Switzer-
land) (25). Colocalization analysis was performed with BitPlane
Imaris three-dimensional (3-D) image analysis software follow-
ing deconvolution. Lck-GFP images were taken only if viral
transduction occurred inside the nucleus accumbens core (22).

Deconvolved 3-D z-stacks were analyzed with Imaris soft-
ware using the colocalization module. All images were cropped
before analysis to reduce file size and to isolate single cells. For
background correction, GFP and Alexa 594 signal thresholds
were set empirically for each image using the two-dimensional
scatter plot of the colocalization module (ImarisColoc). Follow-
ing manual threshold setting, thresholding, each slice of the 3-D
z-stack was manually checked to ensure accurate determina-
tion of colocalization. Thresholded signal intensity/total signal
intensity was calculated for each channel. We also recorded the
percentage of the dataset colocalized (normalized % colocal-
ization relative to the total number of voxels). Imaging and
analysis of astrocytes were performed in an unbiased manner,
blind to the groups.

Statistical Analyses

Data were analyzed using two-tailed t tests when analyzing
two groups (cocaine vs. saline) or one-way analysis of
variance followed by Bonferroni corrected multiple compar-
isons when analyzing three groups (cocaine, saline, and
cocaine + ceftriaxone).

RESULTS

GFAP Expression Is Reduced in the NAc Core
Following Cocaine Self-Administration and
Extinction

Western blot analysis revealed a significant reduction in GFAP
protein levels in the NAc core following cocaine self-
administration and extinction when compared with yoked
saline control animals (t;4 = 2.967, p = .01; Figure 1B). In
contrast, no difference was observed in the dorsomedial
prefrontal cortex, including prelimbic and anteriocingulate
regions (t14 = .533, p = .60; Figure 1B). The number of GFAP
positive cells was independently assessed using stereology in
samples immunohistochemically stained for GFAP following
saline or cocaine exposure. In agreement with decreased
GFAP protein expression, the number of GFAP-positive gray
matter astrocytes in the NAc core was significantly reduced
following cocaine self-administration and extinction (t17 =
2.554, p = .02; Figure 1C, D).
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Accumbens Core Astrocytes Display Reduced
Surface Area, Volume, and Colocalization With a
Synaptic Marker Following Cocaine
Self-Administration and Extinction

Similar to the astrocyte-enriched proteins GLT-1 and xCT (9),
we observed decreased expression of GFAP in the NAc core
following cocaine self-administration and extinction. However,
GFAP represents a relatively minor fraction of overall astrocyte
cell volume and is not localized in peripheral processes where
neuronal and synaptic contact is made (26,27). To test the
hypothesis that the downregulated GFAP is associated with
quantifiable alterations in the morphology of astroglial cells,
we transduced cells in the NAc core with an adeno-associated
virus viral vector encoding a membrane-associated GFP
(Lck-GFP) under the control of the GFAP promoter. Inclusion
of the 11 amino acid Lck tag in the vector used to label
astrocytes dramatically enhances the visualization of fine
peripheral astrocytic processes by limiting expression of the
fluorescent label to the plasma membrane (21,28). Viral
infusion produced fields of transduced cells that displayed
astroglial morphology throughout the NAc core (Figure 2;
Supplemental Figure S1). Astrocytes with isolated margins were
detectable and selected for analysis (Supplemental Figure S2).
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Figure 1. Glial fibrillary acidic protein
(GFAP) expression is reduced in nucleus
accumbens (NAc) core astrocytes fol-
lowing cocaine self-administration and
extinction. (A) Self-administration and
extinction of rats used for Western blot-
ting and GFAP immunohistochemistry.
(B) Western blotting for GFAP in the
NAc core S2 subcellular fraction. GFAP
signal was normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH)
loading control and converted to per-
cent of the saline-administering control
group. Western blot analysis revealed a
significant decrease in signal following
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cocaine exposure in the NAc core, while
no difference was observed in the pre-
frontal cortex (PFC). PFC tissue was
taken from the dorsomedial prefrontal
cortex, including prelimbic and anterior
cingulate cortices. (C, D) Quantitative
immunohistochemistry for GFAP was
visualized using vasoactive intestinal
peptide peroxidase substrate. Unbiased
stereological counting was performed in
the NAc core using MicroBrightField
Stereolnvestigator. Estimated counts
are reported as average (avg) of left
and right hemisphere for each animal.
These studies revealed fewer GFAP-
positive astrocytes in the NAc core
following self-administration and extinc-
tion. Representative images from saline-
(top) and cocaine-administering (bottom)
animals are shown at 10x. 10X scale
bar = 100 pm. Inset at 40X. "o < .05
by Student unpaired two-tailed ¢ test.
ac, anterior commissure; C, cocaine;
coc, cocaine; S, saline; sal, saline.
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In addition to labeling fine astroglial processes, GFP-expressing
cells showed coregistry with GFAP in immunohistochemistry
experiments (Supplemental Figure S1), indicating glial cell-type
specific expression of the Lck-GFP.

Animals were trained to respond on a fixed-ratio 1
schedule of reinforcement for cocaine or saline in self-
administration experiments. Following self-administration,
responding was extinguished with repeated extinction train-
ing sessions where lever pressing did not result in the
administration of cocaine or saline (Figure 3A). Twenty-four
hours following the last extinction session, brain sections
were prepared and imaged. Following image acquisition,
deconvolution, and rendering of an intensity-based space-
filling model for each astrocyte with the Imaris software,
surface area and volume of 4 to 12 cells per animal were
measured (Figure 3B, C). These analyses revealed a 19%
decrease in volume (saline 31,242 = 1722 ums, cocaine
25,313 = 1110 um®; toe = 2.894, p = .008) (Figure 1D) and a
21% decrease in surface area (saline 27,008 = 1035 pum?,
cocaine 23,279 * 1063 pm?; t,g = 2.513, p = .019) following
cocaine experience (Figure 3B).

Colocalization analyses of synaptic and astroglial GFP
signals were performed using the Imaris software colocaliza-
tion software toolkit as described previously (29) and


www.sobp.org/journal

Biological
Psychiatry

Effects of Cocaine Self-Administration on Astrocytes

Figure 2. Adeno-associated virus
type 5 GFAP-Lck-GFP drives mem-
brane expression of GFP to nucleus
accumbens (NAc) core astrocytes. (A)
10X images of Lck-GFP transduced
NAc core astrocytes. Viral GFP
expression is shown in green; GFAP
immunohistochemistry is shown in
red. The merged image (and the
three-dimensional colocalization
[Coloc] analysis performed in Imaris
shown in white) demonstrates consid-
erable coregistry of the GFP and
GFAP signals, indicating astrocyte
specific transduction. The white panel
on far right shows voxels containing
both viral GFP and GFAP immunohis-
tochemistry signals. Scale bar = 150
um. (B) 63X z-series images of a
single transduced astrocyte showing
membrane-localized GFP expression
in green, with GFAP immunohisto-
chemistry in red. Both the merged image and white colocalization analysis show colocalization of the GFP and GFAP signals, again indicating astrocyte
specific expression of GFP in the NAc core (see Supplemental Figure S1 for images from individual planes of the high-magnification z-series data set). Scale
bar = 10 pm. GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein; Lck, lymphocyte protein tyrosine kinase.

GFAP Coloc

GFP Merge

consisted of an intensity-based measurement of the coregistry
of Lck-GFP and synapsin voxels in a 3-D volume. It is
important to note that the colocalization measured here does
not indicate that synapsin is expressed or embedded in glial
cells. Due to the close relationship between fine astroglial
processes with neuronal processes (30), we interpret this
measurement is an index of proximity by the astrocyte process
and synapse. Our data demonstrate a significant decrease in

the coregistry of astroglial Lck-GFP and synapsin signals,
observed as a 47% decrease in the percentage of voxels
above threshold that contain both signals (F,30 = 4.678,
p < .05; Figure 4A, B, D). This value is defined by Imaris
software as the percentage of region of interest colocalized
(%ROI) (saline 0.10 + 0.015 %ROI; cocaine 0.05 = 0.007 %ROI)
(Figure 4D). These data indicate that NAc core astrocytes
make fewer proximal contacts with synapses following
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Figure 3. Three-dimensional (3-D) reconstruction of individual nucleus accumbens core astrocytes following cocaine (Coc) or saline experience. (A)
Animals were trained to self-administer cocaine or saline and were then taken through extinction training. A subset of cocaine-administering rats received
either saline or ceftriaxone (Cef) during extinction training. (B) Following rodent behavioral procedures, astrocyte green fluorescent protein (GFP) signals from
adeno-associated virus type 5 GFAP-Lck-GFP transduced cells were used to generate 3-D space-filling models. Following deconvolution of z-series
datasets, 3-D volumes generated by Imaris were constructed, which recapitulated the shape and contours of astroglial cells transduced with the membrane-
localized GFP. Space-filling models were then used to determine surface area (um?) and volume (um®) of nucleus accumbens core astrocytes following
cocaine or saline exposure. (C) Cocaine exposure significantly reduced astroglial volume as determined by analysis of Imaris space-filing astrocyte models
(shown above in Figure 2). Two-tailed t tests revealed a significant reduction following cocaine exposure. Cocaine exposure also significantly reduced
astroglial surface area. *p < .05, *p < .01. GFAP, glial fibrillary acidic protein; Lck, lymphocyte protein tyrosine kinase.
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cocaine exposure. Importantly, we observed no significant
difference in the percentage of voxel intensities above thresh-
old for either GFP (saline 43% =+ 2.3%, cocaine 42.8% =
1.7%) or synapsin (saline 35% = 3.3%, cocaine 36% * 1.7%)
signals, indicating that a change in expression is unlikely to
account for the observed change in colocalization.

Ceftriaxone Treatment Reverts Colocalization of
Astroglial GFP and Synapsin Signals Marker to Saline
Levels

To determine the impact of ceftriaxone treatment on astrocyte
surface area, volume, and colocalization with synapsin, a
subset of cocaine animals were treated with ceftriaxone or
saline vehicle during the last 10 days of extinction training.
Ceftriaxone has previously been shown to impair reinstate-
ment to cocaine and restore numerous features of glutamate
homeostasis in the NAc, including GLT-1 (9,20,31). Treatment
with ceftriaxone did not revert cocaine-induced decreases in
astrocyte volume (cocaine 25,313 + 1110 um®, cocaine +
ceftriaxone 22,027 + 1056 pm?; t;5 = 1.780, p = .092) or
surface area (cocaine 23,279 * 1063 um?, cocaine + ceftriax-
one 22,220 = 1473 pmz; tig = .5599, p = .5825) in the NAc of
cocaine-administering animals (Figure 3B, C); however, cor-
egistry of Lck-GFP and synapsin voxels was reverted to saline
levels following chronic ceftriaxone treatment during extinction

Synapsin GFP

A)

Merge

C)

Coc + Cef

Effects of Cocaine Self-Administration on Astrocytes

(saline 0.1 %ROI colocalized = 0.015%, cocaine 0.05 %ROI
colocalized = 0.007%, and cocaine + ceftriaxone 0.1 %ROI
colocalized = 0.015%) (Figure 4D). The effect of ceftriaxone
on astrocytes from saline-administering rats was not inves-
tigated, as previous studies have found ceftriaxone to be
without effect on GLT-1 levels or extracellular glutamate levels
in the NAc of saline-administering animals (9,20). There was no
significant difference in the percentage of signal above thresh-
old for either GFP (cocaine 42.85 * 1.782, saline 43 = 2.310,
cocaine + ceftriaxone 38.67 = 1.498) or synapsin (cocaine
35.77 * 1.668, saline 34.86 + 3.259, cocaine + ceftriaxone
36.33 = 2.361) signals between groups.

DISCUSSION

Findings presented herein indicate a significant reduction in
astrocyte volume and surface area as well as a significant
decrease in the colocalization of astroglial processes with
synapsin | in the NAc core following cocaine self-
administration and extinction. Consistent with these findings,
we observed downregulation of a primary astrocyte-specific
structural filament protein GFAP, which is also in agreement
with the altered morphometric properties of fluorescently
labeled astrocytes. Interestingly, the cocaine-dependent
decrease in synaptic contacts made by astrocytes was
reversed by chronic treatment with ceftriaxone during extinc-

Coloc

A=

0.121

©

g T 1
g

3

2 0.08-

° *

O r

Y

c 0.04-

()]

o

q) -

o

0.00 14 14 6

sal coc coc+cef

Figure 4. Three-dimensional colocalization (Coloc) analysis of synapsin | with astroglial membrane localized green fluorescent protein (GFP) in nucleus
accumbens core astrocytes following cocaine (Coc) exposure. Brain tissue from animals transduced with the adeno-associated virus type 5 GFAP-Lck-GFP
virus following saline (sal) or cocaine self-administration were stained with the synaptic marker synapsin. Following immunohistochemistry, individual
astrocytes were imaged for both viral GFP expression and synapsin. Using Imaris, levels of colocalization (Coloc) between synapsin and GFP were assessed
using the colocalization toolkit. (A) Viral GFP is shown in green for saline-administering animals along with synapsin | in red, a merged image as well as the
colocalization channel, where voxels that contain both signals are shown in white. (B) This panel shows the same conditions described in (A) in animals
following cocaine self-administration and extinction training. (C) Same conditions described in (A) in animals following cocaine self-administration and
extinction training with ceftriaxone (Cef) treatment. (D) Using the Imaris colocalization toolkit, the percentage of the region of interest (ROI) colocalized was
calculated for the astroglial membrane-specific GFP and synapsin signals for 4 to 12 cells per animal. Cocaine self-administration and extinction training
significantly decreased the amount of colocalization of astroglial GFP with synapsin, which is reversed by administration of ceftriaxone during extinction
training. *p < .05. GFAP, glial fibrillary acidic protein; Lck, lymphocyte protein tyrosine kinase.
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tion training. Ceftriaxone has previously been shown to impair
cocaine reinstatement by restoring measures of glutamate
homeostasis in the NAc, an effect mediated largely by its
ability to reverse cocaine-induced downregulation of GLT-1
(9,20,31,32). It is interesting to note that GLT-1 expression is
specifically targeted to areas where astrocyte processes are
closest to synapses (33) to provide efficient glutamate clear-
ance and minimize spillover of synaptically released glutamate.
Moreover, invasion of astroglial processes toward synapses is
correlated with magnitude of GLT-1-mediated currents in
astrocytes (34). Therefore, the previously reported capacity of
ceftriaxone to restore expression of GLT-1 in cocaine-treated
subjects (9,31), combined with our finding that ceftriaxone
restores the synaptic localization of astroglial processes, argues
that ceftriaxone facilitates glutamate uptake by positioning of
astroglial processes containing GLT-1 to glutamate synapses.
Taken together, our findings indicate that while withdrawal from
noncontingent administration of both psychostimulants and
opiates leads to evidence of reactive astrocytes characterized
by increased GFAP (13,16), contingent cocaine self-admin-
istration and extinction leads to decreased GFAP expression,
astrocyte shrinkage, and decreased association with synaptic
elements. We hypothesize that differences in the regulation of
GFAP expression in contingent versus noncontingent models
likely arise due to different pharmacokinetic profiles of repeated
single large doses of experimenter-administered drug versus
the rate of administration achieved by the animal’s control.
However, it has been reported that while morphometric
features of astrocytes, including overall size and complexity,
are upregulated in the mouse dentate gyrus 24 hours after
one noncontingent administration of cocaine, they are
significantly decreased 24 hours following 7 or 14 days of
administration (35).

It will be interesting to determine whether the changes
observed following self-administration and extinction are also
observed immediately following the self-administration stage
or are also observed following forced abstinence in lieu of
extinction training. The use of extinction in the reinstatement
model of drug abuse allows for investigation of enduring
cellular changes that contribute to mechanisms of reinstated
drug seeking and has yielded a large body of literature on the
cell biology of drug-seeking behavior (36). Salience of con-
ditioned cues has been well described in human addicts (37);
however, extinction training has yielded marginal success
toward long-lasting relapse prevention, perhaps due, in part,
to the complex nature of conditioned cues in an uncontrolled
environment. Hence, more detailed investigation of the behav-
ioral conditions in which cocaine-dependent adaptations to
astrocytes are observed will inform the mechanism respon-
sible for the observed changes.

Evidence for Hyporeactive Astrocytes in Psychiatric
Disease

In cases of injury or inflammation in the brain, decreased
GLT-1 expression is often associated with reactive astro-
cytes and increased GFAP expression (10-12,19). However,
accumulating evidence indicates that in cases of psychiatric
disease, specifically anxiety, stress, or depression, decreased
GLT-1 expression coincides with decreased GFAP expression.

For example, GFAP messenger RNA is downregulated in
both the cortex and hippocampus following chronic, but not
acute, corticosterone treatment, while the astrocyte marker
ALDH1L1 is unchanged (38). Chronic restraint stress results in
decreased GFAP, as well as GLT-1 expression, in the peri-
aqueductal gray (39), and loss of GFAP immunoreactivity, as
well as astroglial GLT-1 expression, has been observed in the
prefrontal cortex (40,41) and hypothalamus (42) in animal
models of depression. Further, reductions in expression of
GFAP have been reported in both preclinical animal models
of depression and human postmortem studies of psychiatric
disease, most notably depression but also schizophrenia
[for review, see (43-45)]. Indeed, considerable evidence from
the human literature indicates that glial dysfunction and
more specifically decreased astrocyte density and astrocyte-
mediated glutamate uptake may reflect a cellular feature of the
high degree of comorbidity observed between substance use
disorders and depression (46).

Experience-Dependent Adaptations in Synaptic
Localization of Astrocyte Processes

A similar astroglial adaptation is observed in the supraoptic
nucleus of the hypothalamus during lactation or dehydration [for
review, see (47,48)]. In this case, reduced synaptic and somatic
coverage by astrocytes results in impaired glutamate uptake, as
well as impaired long-term potentiation and long-term depres-
sion (49), which closely parallels the capacity of cocaine treat-
ment to simultaneously impair NAc core glutamate uptake and
both long-term potentiation and long-term depression (50,51).
As such, the disruption of astroglial morphology and synaptic
contact may directly inhibit the ability to induce plasticity and
represents a novel aspect of the drug-induced alterations in NAc
core linked to relapse vulnerability.

Astrocytes closely interdigitate with neuronal processes at
the level of individual dendritic spines (52), and there is strong
evidence for cocaine-induced enhancement of dendritic spine
density and head diameter in the NAc core (53-55). Given the
reduction in astrocytic processes adjacent to synapses, we
propose that cocaine experience causes NAc core astrocytes to
move away from synapses, perhaps in part to make room in the
neural parenchyma for new spines and the expansion of existing
spine heads. Interestingly, while ceftriaxone normalizes gluta-
mate homeostasis, GLT-1 expression, and synaptic colocaliza-
tion of astrocyte processes, it is without effect on astrocyte
volume or surface area, indicating that these adaptations may
be mechanistically distinct. Previous studies indicate that GLT-1
expression and surface diffusion in the membrane is controlled
by extracellular glutamate and neuronal activity (33,56). Thus, a
priority of investigation is to functionally link these phenomena in
the accumbens core with behavioral output (i.e., drug seeking).
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