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Opioid receptor signaling via EGF receptor (EGFR) transacti-
vation and ERK/MAPK phosphorylation initiates diverse cellu-
lar responses that are cell type-dependent. In astrocytes, multi-
ple � opioid receptor-mediated mechanisms of ERK activation
exist that are temporally distinctive and feature different out-
comes. Upon discovering that chronic opiate treatment of rats
down-regulates thrombospondin 1 (TSP1) expression in the
nucleus accumbens and cortex, we investigated the mechanism
of action of thismodulation in astrocytes. TSP1 is synthesized in
astrocytes and is released into the extracellular matrix where it
is known to play a role in synapse formation and neurite out-
growth. Acute morphine (hours) reduced TSP1 levels in astro-
cytes. Chronic (days) opioids repressed TSP1 gene expression
and reduced its protein levels by� opioid receptor and ERK-de-
pendent mechanisms in astrocytes. Morphine also depleted
TSP1 levels stimulated by TGF�1 and abolished ERK activation
induced by this factor. Chronic morphine treatment of astro-
cyte-neuron co-cultures reduced neurite outgrowth and syn-
apse formation. Therefore, inhibitory actions of morphine were
detected after both acute and chronic treatments. An acute
mechanism ofmorphine signaling to ERK that entails depletion
of TSP1 levels was suggested by inhibition of morphine activa-
tion of ERK by a function-blocking TSP1 antibody. This raises
the novel possibility that acute morphine uses TSP1 as a source
of EGF-like ligands to activate EGFR. Chronicmorphine inhibi-
tion of TSP1 is reminiscent of the negative effect of� opioids on
EGFR-induced astrocyte proliferation via a phospho-ERK feed-
back inhibition mechanism. Both of these variations of classical
EGFR transactivation may enable opiates to diminish neurite
outgrowth and synapse formation.

Astrocytes are the source of a diverse group ofmolecules that
are required for synapse formation, function, and maintenance
in neurons (1–7). Thrombospondin (TSP)3 is a member of the
astrocyte-derived intercellular signaling components that have
been implicated in synaptogenesis and other neuronal glial
interactions of the developing brain (8–17). In addition, synap-
tic plasticity and other neuroadaptations involving astrocyte
neuron interactions are thought to play a role in reward learn-
ing and addiction (18). Some chronic morphine-responsive
genes (Homer1, PSD-95, and synaptotagmin1) may subserve
the long lived neuronal and behavioral plasticity observed in
regions of themesolimbic reward system, and they are involved
in synaptogenesis (19–26).
TSPs are multidomain, multimeric glycoproteins that are

secreted into the extracellular matrix of many cells and serve as
bridging molecules in cell-cell interactions (27, 28). First dis-
covered in platelet �-granules and secreted upon platelet acti-
vation, the superfamily of TSPs modulate varied functions of
cell signaling and cell adhesion in a broad array of cell types.
The five TSP genes are expressed in the CNS and peripheral
nervous system where they play important roles in neural
development. TSP1 promotes neurite formation and adhesion
in neurons (29–32). Recently, a major breakthrough in astro-
cyte-neuron interactions occurredwhenTSP1/2were shown to
be important secretory astrocytic proteins that promote syn-
apse formation in the developing brain (5, 10, 33, 34). Both in
vitro and in vivo evidence have been presented. Similarly, TSP1
released by pluripotent bone marrow stromal cells promotes
retinal ganglion cell survival and neurite outgrowth (35). Sev-
eral independent research groups have reported that TGF�
increases TSP1 expression and/or protein levels in astrocytes as
shown by immunoblotting, qRT-PCR, and/or in situ hybridiza-
tion. In the initial report, TGF� induced TSP1 in rat type 1
astrocytes as shown by counting silver grains/cell after in situ
hybridization (36). In other studies on primary human astro-
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cytes, TGF� inducedTSP1 expression asmeasured by themore
quantitative methods of Western and Northern blotting and
qRT-PCR (37, 38). TGF�1and TGF�2 stimulate TSP1 expres-
sion in epithelial cells and fibroblasts via EGFR transactivation
and ERK and p38 MAPKs (39–41).
Astrocytes express many of the same G protein-coupled

receptors, growth factors, and cytokine signaling systems found
in neurons and other cells (42). These signaling molecules are
involved in many novel functions of astrocytes, including com-
munication with neurons during development and throughout
adulthood. However, the mechanisms involved in this dynamic
partnership with neurons are not well characterized. The tar-
gets of opiate drugs of abuse are opioid receptors, G protein-
coupled receptors that are found in astrocytes and are capable
of modulating their proliferation in vitro and in vivo (43–52).
Using an astrocytoma model system, C6 glioma cells, and
immortalized type 1 astrocytes, we implicated phosphatidyl-
inositol turnover, discrete PKC isoforms, different secondary
messengers, and transactivation of EGFR as well as FGF recep-
tor in � and � opioid receptor (MOR and KOR) activation of
ERK (53–57). Recently, we found that KOR agonists stimulate
proliferation of immortalized and primary astrocytes via both
rapid pertussis toxin-sensitive G��- and sustained �arrestin2-
dependent ERK pathways (58). Acute morphine and DAMGO
activate ERK via G protein, calmodulin (CaM), and �arrestin2-
dependent mechanisms. However, chronic treatment with
these MOR agonists inhibits EGFR-stimulated ERK activation
and proliferation of primary astrocytes (59). The G protein and
�-arrestin2-dependent pathways were shown to be involved in
the inhibition of astrocyte proliferation, but CaM signaling was
not. Chronic morphine has been shown to modulate synaptic
plasticity genes, a cellular response in addiction (20). Therefore,
we decided to explore the possibility that it affects TSP1 expres-
sion in astrocytes.
Here, we show that acute (hours) morphine inhibits TSP1

protein levels in astrocytes.Moreover, chronic treatment (days)
with opiates inhibits TSP1 gene expression in vivo and in vitro.
Morphine diminishes cellular andmedia TSP1 protein levels in
serum-deprived astrocytes via MOR and ERK. Both basal and
TGF�1-induced TSP1 is attenuated by morphine. Finally,
chronic morphine treatment of astrocyte neuron co-cultures
reduces neurite outgrowth and synapse formation.

EXPERIMENTAL PROCEDURES

Reagents—Chemicals and Abs were purchased from Sigma
with the following exceptions: DAMGO, morphine sulfate,
D-Phe-Cys-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP), norbinaltor-
phimine (nor-BNI), and buprenorphine fromNIDADrug Sup-
ply (Research Triangle Park, NC) or Daiichi Sankyo (Tokyo,
Japan); human platelet-derived TSP1 from Hematologic Tech-
nologies (Essex Junction, VT); TGF� from Austral Biologicals
(San Ramon, CA); EGF, anti-TSP1Ab, andU0126 fromCalbio-
chem; trypsin/EDTA solution from Invitrogen; DMEM and
fetal bovine serum (FBS) from ATCC (Manassas, VA); papain
fromWorthington; minimum Eagle’s medium, N2 � B27 sup-
plements, Alexa Fluor-labeled secondary Abs, and horse serum
from Invitrogen; anti-phospho-ERK1/2 (directed against phos-
pho-Thr-202/Tyr-204) Ab from Cell Signaling Technology

(Beverly, MA); anti-glial fibrillary acidic protein Ab from
Immuno Star, Inc. (Hudson, WI, catalogue no. 22522); anti-
ERK Abs from Santa Cruz Biotechnology (Santa Cruz, CA);
rabbit anti-synaptotagminAb from Synaptic Systems (Goettin-
gen, Germany); mouse anti-PSD-95 Ab from BD Biosciences;
chicken anti-MAP2 Ab from Covance (Emeryville, CA); anti-
TSP1 Ab C6.7 (azide-free function-blocking antibody) and
Ab-11 (immunoblotting) from LabVision (Fremont, CA); ami-
nomethylcoumarin acetate-conjugated anti-chicken IgY from
Jackson ImmunoResearch; and VECTASHIELD Mounting
Medium from Vector Laboratories, Inc. (Burlingame, CA).
Immortalized Rat Type-1 Cortical Astrocyte Cultures—Rat

cortical astrocytes (CTX TNA2; American Type Culture Col-
lection) were established from cultures of primary type 1 astro-
cytes from 1-day-old rat brain frontal cortex. The cultures were
originally transfected with a DNA construct containing the
oncogenic early region of simian virus 40 under the transcrip-
tional control of human glial fibrillary acidic protein promoter
(60). The cells have the phenotypic characteristics of type 1
astrocytes. This cell line was maintained in DMEM � 10% FBS
at 37 °C in a humidified atmosphere of 95%air, 5%CO2 for up to
5–35 passages. Later passage cells (for the most part, 10–20)
were transfected with MOR1 in our experiments as we found
that they did not contain endogenousMORorKORbyWestern
blotting (61). Therefore, in experiments with transiently trans-
fected immortalized astrocytes, we observed an interaction of
morphine with transfected MOR1. The amounts of MOR1 in
transfected immortalized astrocytes are higher than levels of
endogenousMOR in primary astrocytes inWestern blots. Nev-
ertheless, in parallel experiments with MOR1-transfected
immortalized astrocytes and untransfected primary astrocytes,
similar opioid signaling responses were observed in most cases
(56–59). This supports the notion that the extent of MOR1
overexpression in immortalized astrocytes does not exceed the
physiological range. Agonists, antagonists, or inhibitors were
delivered in serum-free media.
Primary Astrocyte Cultures—Astrocytic cultures were pre-

pared by modification of a method described previously (62).
Postnatal day 1 Sprague-Dawley rat pups were euthanized, and
their cortical regions were dissected, minced, suspended in 2.5
ml of ice-cold PBS, and trypsinized by incubation with an equal
volume of 0.05% trypsin/EDTA solution at 37 °C for 15 min.
The tissue was pelleted (1000 � g for 10 min), resuspended in 5
ml of DMEM containing 5% FBS and 5% horse serum, tritu-
rated, and plated onto poly-L-lysine (Mr 30,000–70,000)-
coated tissue culture flasks as indicated. After 7 days in culture,
the poly-L-lysine-coated flasks were shaken for at least 2 h, after
which the unattached cells were removed and fresh culture
medium was added (DMEM, 5% FBS � 5% horse serum). For
ERK1/2 assay, growthmediumwas replaced with DMEMwith-
out serum24h prior to ligand treatment.Of the total number of
cells in primary cultures, 90%were glial fibrillary acidic protein-
positive and �1% were TuJ1 (neuronal marker)-positive (58).
Neuronal Cultures from Embryonic Rat Hippocampi—We

adopted the Banker procedure modified by Laezza et al. (63).
Briefly, a pregnant rat (E18–E19) was euthanized, and fetuses
were removed. Fetal brains were then dissected out, and hip-
pocampi were collected in calcium- and magnesium-free
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Hanks’ balanced salt solution. Tissue was then treated with
freshly prepared papain (20 units/ml) solution as follows:
Hanks’ balanced salt solution, 0.2 mg/ml cysteine, 50 mM

EDTA, and 100 mM CaCl2. Cells were dissociated by pipetting,
counted, and plated on poly-L-lysine-treated glass coverslips in
redefined and modified neuronal plating media. Neurons were
allowed to attach for 4–5 h by incubation at 37 °C and then
co-cultured with astrocytes.
Co-cultures of Primary Astrocytes and Neurons—Primary

astrocytes, prepared as described above but grown inminimum
Eagle’s medium containing 0.6% glucose 10% horse serum and
antibiotics, were plated on poly-L-lysine-precoated cell culture
inserts (BD Biosciences). A half-day before co-culturing, media
in astrocytes were changed with neuronal maintenance media
as follows: serum-free minimum Eagle’s medium with N2 and
B27 supplements, 1 mM pyruvate, 0.1% ovalbumin, and 20%
glucose. Coverslips with attached neurons were transferred to
plates containing astrocyte inserts. After 2–3 days, Ara-C was
added to reduce microglial proliferation. The cultures were
treated with 1 �M morphine on a daily basis for 8–9 days, and
the ligand was added to the media in the inserts, where astro-
cytes were grown.
Transient Transfection—Immortalized astrocytes were

transfected with rat MOR1 cDNA (in pCMV-neo expression
vector) using FuGENE 6 transfection reagent (Roche Applied
Science) following the manufacturer’s instructions and using 1
�g of cDNA and 3 �l of transfection reagent. After 24 h of
incubation, drug treatments were begun with serum-deprived
media as vehicle. In some cases, cultures were co-transfected
with pcDNA3 (for mock transfections), dominant negative
MEK in pcDNA3 and ratMOR1 cDNA (pCMV-neo expression
vector) using FuGENE 6 as described above.
In Vivo Drug Treatment for DNAMicroarray Analyses—Fis-

cher 344/BrownNorway F1 inbredmale ratswere administered
either vehicle or buprenorphine (2.5mg/kg/day) intraperitone-
ally for 14 days and the animals allowed to withdraw spontane-
ously for 9 days. Rats were anesthetized with CO2 until coma-
tose and sacrificed by cervical decapitation. Heads were
transferred to a stereotaxic device (Kopf Instruments), and
their dorsal craniumwas removed. A 1.5-mm slice of brain was
made stereotaxically through levels of the nucleus accumbens
(antero-posterior levels between 0.7–2.2 mm anterior to
bregma), and thewhole brainwas carefully extirpated. The slice
was dissected free from the forebrain, placed on a glass slide,
and frozen on dry ice. The nucleus accumbens surrounds the
anterior commissure, which is grossly visible. A 1.8-mm diam-
eter needle (15 gauge) was centered on the anterior commis-
sure, and 2 plugs of tissue were punched from the slice. Plugs
from three rats confirmed to be from the nucleus accumbens
were pooled for microarray analyses. Animals were handled in
accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by theNational Institutes
of Health.
DNA Microarray Analyses—Pooled nucleus accumbens

punches were stored at �80 °C in RNAlaterTM, a RNA stabili-
zation reagent, until their total RNA was isolated. Total RNA
was extracted, qualified, and quantified. Pooled total RNA
(�2.5 �g) for each array was used for themRNA amplification/

labeling process. mRNA was reverse-transcribed using an oli-
go(dT) primer encoding a T7 RNA polymerase promoter to
make cDNA. cDNAwas then purified and transcribed into bio-
tin-labeled cRNA. After purifying and quantifying the cRNA,
the unfragmented transcript sizes were determined using an
Agilent Bioanalyzer 2100. cRNA was fragmented, and the
hybridization mix was applied to Affymetrix GeneChip� rat
genome 230 2.0 arrays and hybridized to the 25-mers on the
array. The Affymetrix Fluidics Station 450 was used for the
wash and stain process. The GeneChip was washed to remove
nonspecific hybridization. The three-step staining process was
conducted as follows: 1) application of a streptavidin-phyco-
erythrin conjugate; 2) addition of biotinylated anti-streptavi-
din; and 3) second application of the streptavidin-phyco-
erythrin conjugate. This staining process allowed for
fluorescent visualization of the oligonucleotide-cRNAhybrids.
The arrays were scanned (AffymetrixGeneChip Scanner 3000),
and the resulting raw image was converted to informative
numerical data. The fluorescent signal was quantified, and rel-
ative transcript abundancewas calculated.Microarray Suite 5.0
(MAS 5) algorithms from the Affymetrix GeneChip� operating
software 1.2 were used to convert raw images to single chip
analysis files that consist of signal intensities and detection calls
for each probe. To determine labeling and hybridization effi-
ciency, quality metrics from each chip were analyzed by pro-
ducing report files that display scaling factor, background val-
ues, and 3�:5� ratios of housekeeping and spike-in poly(A)
labeling controls.
A t-statistic program called Cyber-T was used to conduct an

efficient and robust statistical analysis to determine which of
the 31,043 transcripts represented on the Rat 230 2.0 array are
differentially expressed. Cyber-T analysis is not based on fold
changes, instead, it relies on statistical significance (p value),
modeling the standard deviation as a function of signal inten-
sity, and therefore minimizes the false discovery rate by reduc-
ing the significance of probe sets at low signal intensities, even
when their observed fold changes are high. Cyber-T then con-
ducts a regularized t test, which uses a Bayesian estimate of
variance among individual gene signal intensities within an
experiment (64). See also the Cyber-T website. The entire anal-
ysis was performed on log-transformed data, and a p value
�0.01 was set as the cutoff.
Thrombospondin1 Protein Assays—Cells were treated with

morphine (1 �M), buprenorphine (1 �M), and/or naloxone (1
�M) or U0126 (1 �M) as described in the figure legends. After
treatment, media were collected, and cells were washed with
cold phosphate-buffered saline and then lysed with buffer con-
taining 50mMTris hydrochloride, 0.25% sodium deoxycholate,
150 mM sodium chloride, 1 mM EGTA, 1% Nonidet P-40, 1 mM

phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1
mM sodium fluoride, 10 �g/ml aprotinin, 10 �g/ml leupeptin.
After 15min, lysates were spun at 14,000� g for 10min at 4 °C,
and protein concentration of the supernatants was determined.
Collected media were concentrated through 30-kDa molecular
mass cutoff centrifuge concentrator (Millipore, Bedford, MA)
following the manufacturer’s instructions, and then protein
concentration was determined. Cell lysates (30 �g of protein/
lane) and concentrated media (100 �g of protein/lane) were
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separated by 7.5% SDS-PAGE. Proteins were blotted on Immo-
bilon P polyvinylidene difluoridemembranes (Millipore). Non-
specific sites were blocked with 5%milk in Tris-buffered saline�
0.2% Tween 20 (TBST). Blots were then washed three times
with TBST and incubated with anti-TSP1 Ab diluted 1:200 in
5% milk/TBST for 2.5 h at room temperature. After three
washes with TBST, blots were incubated with 1:2000 diluted
goat anti-mouse-IgG for 1 h at room temperature. Bands were
visualized using an ECL chemiluminescence detection system
from GE Healthcare and exposure to Classic Blue sensitive
x-ray film (Molecular Technologies, St. Louis). Band intensities
were determined by densitometric analysis using a Kodak
DC120 digital camera, Kodak ds 1D version 3.0.2 software
(Kodak Scientific Imaging System, New Haven, CT) and Scion
Image software (Scion Corp., Frederick, MD).
In Vivo Drug Treatment for qRT-PCR Analysis—In single

injection experiments, P5 Wistar rats were administered vehi-
cle or 5mg/kgmorphine s.c. In repeated injection experiments,
P5Wistar rats were administered vehicle or 5 mg/kg morphine
s.c. every 12 h for 2.5 days or once daily for 8 days. Then 6 or 24 h
after the last injection, rats were anesthetized with halothane
until comatose and killed by cervical decapitation. Brains were
transferred on a brain slicer (Neuroscience Inc., Osaka, Japan),
and a 2-mm slice of brain was made through levels of about 11
to 9mm from the interaural line. The cortical region and limbic
regions were dissected from the slices. These experiments were
performed in accordance with Institutional Guidelines for the
Care and Use of Experimental Animals that are in compliance
with the UK Animals (Scientific Procedures) Act of 1986. All
efforts were made to minimize animal suffering and to reduce
the number of animals used.
qRT-PCR Analysis of Brain Tissue—To determine TSP-1

mRNA levels, total RNA was isolated using a Qiagen RNeasy
mini kit (Qiagen, Valencia, CA) and quantified using spectro-
photometerND-1000 (NanoDropTechnologies, Inc,Wilming-
ton, DE). On-column digestion of DNA was performed during
RNA purification using the RNase-free DNase set (Takara Bio
Inc., Shiga, Japan). The PrimeScript� RT reagent kit (Takara
Bio Inc.) with random hexamer primers was used to reverse-
transcribe 500 ng of total RNA to cDNA. Primers for TSP-1 and
GAPDH were supplied by Takara Bio Inc. Primers were mixed
with SYBR� Premix Ex TaqII (Takara Bio Inc.), and 3 �l of
cDNAwas added to 22�l of themix for each reaction, for a total
volume of 25 �l. Real time PCR was performed on a Thermal
Cycler Dice� real time system (TP800, Takara Bio Inc.) as fol-
lows: 95 °C for 30 s, followed by 40 cycles of denaturing at 95 °C
for 5 s, and annealing at 60 °C for 30 s. Reaction specificity was
confirmed by gel electrophoresis of RT-PCRproduct to identify
bands of expected amplicon size, 88 bp for rat-TSP-1 and 143
bp for rat-GAPDH. In addition, a melting point analysis was
performed for each run to confirm a product-specific melting
point temperature. Sequences used were as follows: TSP1
primer forward, ATTGGCGATGCCTGTGATGA, and re-
verse, ACTGGGCAGGGTTGTAATGGAA; GAPDH primer
forward, GGCACAGTCAAGGCTGAGAATG, and reverse,
ATGGTGGTGAAGACGCCAGTA. Primer efficiencies were
calculated by obtaining the slope of the graphofCt values versus
the log of the serial dilution values for the cDNA standard solu-

tion (107, 106, 105, 104, and 103 copies) for each primer. Efficien-
cies were calculated according to the equation: E � 10(�1/
slope). Relative quantification was performed to assess fold
changes in gene expression as described previously (65).
qRT-PCRAnalysis of Astrocytes—TodetermineTSP1mRNA

levels in immortalized rat astrocytes, total RNA was isolated
using a Qiagen RNeasy mini kit (Qiagen, Valencia, CA) and
quantified using the NanoDrop spectrophotometer. On-col-
umndigestion ofDNAwas performed during RNApurification
using the RNase-free DNase set (Qiagen). The Transcriptor
First Strand cDNA synthesis kit (Roche Applied Science) with
randomhexamer primerswas used to reverse transcribe 1�g of
total RNA to cDNA. Primers for TSP1 and GAPDH were
designed using the Primer Express program (Applied Biosys-
tems, Foster City, CA) and were supplied by Integrated DNA
Technologies (Coralville, IA). Primers were mixed with SYBR
Green Imaster mix (Roche Applied Science), and 5 �l of cDNA
was added to 20 �l of the mix for each reaction, for a total
volume of 25 �l. Real time PCR was performed on an Applied
Biosystem 7500 PCR system as follows: 50 °C for 2 min, 95 °C
for 10 min, followed by 40 cycles of denaturing at 95 °C for 15 s
and annealing at 56 °C for 1 min. Reaction specificity was con-
firmed by gel electrophoresis of the RT-PCRproduct to identify
bands of expected amplicon size, 51 bp for both rat-TSP1 and
rat-GAPDH. In addition, a melting point analysis was per-
formed for each run to confirm a product-specific melting
point temperature. Primers usedwere as follows: TSP1 in astro-
cytes forward, 5�-TGGCATCATTTGCGGAGAG-3�, and
reverse, 5�-TTTTCATTAGGCCAGCCGTC-3�; GAPDH for-
ward, 5�-GTCCCCATCCCAACTCAGC-3�, and reverse,
5�-TGGAATTGTGAGGGAGATGCT-3�. Primer efficiencies
were calculated by obtaining the slope of the graph of Ct values
versus the log of the serial dilution values for the cDNA (1.00,
0.50, 0.25, and 0.13) for each primer. Efficiencies were calcu-
lated according to the equation: E � 10(�1/slope). Efficiencies
were 2.03 and 2.18 for TSP1 andGAPDH, respectively. Relative
quantification was performed to assess fold changes in gene
expression as described previously (65).
Measurement of ERK Activity—Upon treatment with opi-

oids, ERK phosphorylation was measured by immunoblotting
as described previously (58). Blots were incubated with a phos-
pho-ERK Ab (1:2000) overnight at 4 °C, followed by incubation
with HRP-conjugated IgG (1:2000, Sigma) for 1 h at room tem-
perature. Blots were also reprobed with an ERK Ab (1:1000),
and the density of the bands was used as loading controls. Band
intensities were determined by densitometry with a Kodak
DC120 digital camera (Scientific Imaging Systems) and NIH
ImageJ software. ERK stimulation in opioid- and/or and growth
factor-treated cells was expressed as fold change over basal lev-
els of ERK in control cells.
Immunofluorescence Confocal Laser Microscopy of Neuronal

Cultures—Coverslips with attached neurons were fixed with
PA and permeabilized as described previously (66). The follow-
ing primary Abs were used: rabbit anti-synaptotagmin and
mouse anti-PSD-95, both at 1:500 dilution and chicken anti
MAP2 at 1:10,000 dilution. After remaining overnight at 4 °C,
cells were incubated with fluorophore-conjugated secondary
Abs: goat anti-rabbit Alexa 594, goat anti-mouseAlexa 488, and
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aminomethylcoumarin acetate-conjugated anti-chicken IgY
for 1–2 h at room temperature to label synaptotagmin, PSD,
and neurons, respectively. In some cases, DAPI (1:200) was
added with the secondary Abs. Cells were examined for immu-
nofluorescence using an Olympus FV-1000 MPE confocal
microscope and a water immersion �20 (NA � 0.95) plan-
achromatic objective lens operated at an optical zoom of �2.5,
with a 10-�s dwell time and a resolution of 1024 � 1024. Post
image acquisition processing was carried out with ImageJ
(National Institutes of Health) software.
Synapse Formation Quantification—Co-localized puncta

appeared yellow on a dual emitting fluorescence channel due to
merging of green (synaptotagmin) and red (PSD-95 staining).
Images were counted, and the total number of puncta/neuron
was estimated using ImageJ. Statistical differences between
control andmorphine-treated cells were determined using Stu-
dent’s t test or a one-way analysis of variance followed by the
Newman-Keuls post hocmultiple comparison test. Puncta in at
least 10 fields of cells on each of three separate coverslips were
counted per experimental condition.
Images were also analyzed to determine the number of syn-

apses per fixed dendrite length. Puncta per micrometer of den-
drite was estimated using ImageJ software and custom plug-ins
as described previously (34). To remove low frequency back-
ground from each image, the rolling ball background subtrac-
tion was applied. A threshold value for each color channel (syn-
aptotagmin and PSD-95) was determined for each set of
images/experiment. These values were then inserted into the
plug-in program, and synapse formation was identified after
merging the color channels. The number of synapses per 100
�m of dendrite length was quantified for each determinant.
Two independent counts, one blinded, were made. The means
of synapses per 100 �mof dendrite length for control andmor-
phine-treated cells were presented.
Neurite Outgrowth Quantification—To determine dendrite

length, MAP-2-stained neurons were measured using ImageJ.
The scale of the images was obtained with the software of the
Olympus FV-1000 MPE. For each image, total dendrite length
was divided by the number of neurons in the field (67). Only
dendrites that were connected to a soma were counted. Two
independent counts, one blinded, were made, and the numbers
of neurons counted per determinant were 178, 181, and 116.

RESULTS

Opiate Regulation of TSP1 Gene Expression in Vivo—Bu-
prenorphine, a drug approved for the treatment of opiate
dependence, is an opiate alkaloid that acts as a partial� agonist.
In previous studies, we found that chronic buprenorphine
treatment of neonatal and adult rats down-regulated MOR
binding and DAMGO-stimulated G protein coupling in their
limbic and cortical regions (68). These transient neuroadapta-
tions are thought to be a part of the signaling sequellae that
initiate chronic changes in gene expression that both chronic
opiates and other psychostimulants induce in regions such as
the nucleus accumbens. This region possesses ample amounts
of MOR as shown by studies in which methadone and
buprenorphine-treated adult and neonatal rats were analyzed
by binding andGprotein coupling experiments (68, 69). There-

fore, we undertook high throughput Affymetrics GeneChip
expression array analyses of accumbens after chronic
buprenorphine exposure to adult rats followed by spontaneous
withdrawal, a model for human drug addiction (20). A total of
302 buprenorphine-responsive genes from the complete rat
genome array (�30,000 transcripts) were expressed using rig-
orous statistical analysis (� � 0.01; n � 3). A heat map of the
microarray analysis is provided as supplemental material.
Functional characterization of the genes revealed that a large
number of those associated with synaptic plasticity were
buprenorphine-responsive. In some cases, qRT-PCR was then
used for verification purposes.
Based on qRT-PCR values, the astrocyte gliotransmitter

TSP1 was shown to be down-regulated 4-fold by buprenor-
phine in the accumbens, whereas Homer1, PSD-95, and synap-
totagmin1 were up-regulated (Fig. 1A). Chronic morphine
treatment of rats followed by spontaneous withdrawal, the
same regimen used for buprenorphine, also altered the expres-
sion of the latter three genes in the accumbens (20).

FIGURE 1. Opiate regulation of TSP1 expression in vivo. A, adult male rats
were injected with buprenorphine (2.5 mg/kg/day, intraperitoneally) for 14
days and then allowed to undergo spontaneous withdrawal for 9 days.
Nucleus accumbens were dissected from their brains, and its RNA was iso-
lated and subjected to Affymetrix Chip analyses and qRT-PCR. Data on
buprenorphine-induced down-regulation of TSP1 and up-regulation of Hom-
er1, PSD-95, and synaptotagmin1 expression obtained by qRT-PCR are
shown. B, P5 Wistar rat pups were injected s.c. with 5 mg/kg morphine for 3, 6,
or 24 h, and cortical (B) and limbic (C) regions of their brains were dissected
and their mRNA isolated. *, p � 0.05; **, p � 0.01, versus control; n � 6 –16.
D, P5 rats were also injected s.c. with 2 mg/kg naloxone for 10 min followed by
5 mg/kg morphine for 6 h, and cortical regions of their brains were dissected
and their mRNA was isolated. **, p � 0.01, versus control; n � 6 –18. E, P5 rats
were injected twice daily with morphine (5 mg/kg s.c.) for 2 days and on the
3rd day were injected once, and 6 or 24 h later, cortical mRNA was isolated.
n � 5– 6. **, p � 0.01, versus control. F, P5 rats were injected daily with mor-
phine (5 mg/kg s.c.) for 8 days, and 6 or 24 h later, cortical mRNA was isolated.
n � 5–10. *, p � 0.05, versus control. M, morphine; S, saline.
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To determine whether morphine also modulated TSP1
expression in vivo, we conducted experiments in which P5 rat
pups were injected with a single dose of morphine (5 mg/kg
s.c.), and after 3, 6, and 24 h TSP1mRNA levels were measured
in cortical brain dissections (Fig. 1B). TSP1 levels are more
readily detectable in neonatal rat brain than that of adults (10).
TSP1 expression was increased 2-fold after 6 h of morphine
administration butwas not significantly different after 3 or 24 h.
Similar morphine effects on TSP1 mRNA levels were found in
limbic tissue (Fig. 1C). Preinjection with the antagonist nalox-
one reversed the stimulation by 6 h of morphine (Fig. 1D).
These results suggest that morphine acts on MOR as its major
target, but it may bind to KOR to a lesser extent as well (59). P5
rats were administered morphine every 12 h for 2.5 days and
then sacrificed 6 or 24 h after a last injection. In rat pups sacri-
ficed 24 h after the last injection (a total of 72 h), cortical TSP1
expression was down-regulated by 47% (Fig. 1E). In a longer
chronic treatment regimen, P5 rats were injected with mor-
phine daily for 8 days and then sacrificed 6 or 24 h later (Fig. 1F).
A substantial inhibition (41%) was observed when expression
was measured 24 h after the last injection.
Morphine Modulation of TSP1 Expression in Astrocytes—

Given our in vivo results, we asked whether acute and chronic
morphine treatment regimens of similar lengths could modu-
late TSP1 expression in vitro. Because TSPs are extracellular
matrix proteins present on astrocytes that promote synapse
formation (10), studies of these cells would facilitate delinea-
tion of the mechanism involved. To determine whether mor-
phine treatment affects TSP1 gene expression, temporal fea-
tures of morphine modulation of TSP1 mRNA levels in the
absence or presence of serum were assayed by qRT-PCR. If
MOR-transfected astrocytes were treated with a single dose of
morphine for 5, 27, and 48 h in the absence of serum, TSP1
expressionwas essentially unchanged except for 48 h,wherein a
slight increase was observed (Fig. 2A). However, if astrocytes
were treated with morphine daily in serum-containing media
for 8 days and then fresh media without morphine was main-
tained for 1 day, TSP1 expression was repressed by 81% (Fig.

2A). These results are consistent
with in vivo findings (Fig. 1F).
Serum alone stimulated TSP1 ex-
pression 2–4-fold in untransfected
immortalized astrocytes at 1 and 3 h
(Fig. 2B), a rapid induction also seen
in other cells. However, after 6 and
24 h of serum treatment, changes in
TSP1 mRNA were not observed
(data not shown). If astrocytes were
administered morphine for 5 h and
serum for the last 3 h with fresh
morphine, TSP1 mRNA levels were
elevated by a modest 30% over
serum-treated controls (Fig. 2B).
Thiswas consistentwith themoder-
ate increase in TSP1 expression in
vivo (Fig. 1, B and C). In contrast,
morphine treatment for 27 or 48 h
with addition of serum for the last

3 h (along with fresh morphine) did not yield changes in TSP1
expression over serum alone again reminiscent of the animal
studies (Fig. 1, B and C).
Opiates Down-regulate Astrocytic TSP1 Protein Levels via

MORand ERK in Astrocytes—Because acutemorphine alone in
the absence of serum did not influence TSP1 gene expression
(Fig. 2A), we wished to determine how this opiate affected its
protein levels. An immunoblot of TSP1 in control and mor-
phine (5 min or 6 h)-treated astrocytes along with a human
TSP1 standard show that the human protein migrates slightly
faster than that of the rat (Fig. 3A) consistent with a previous
report (70). Morphine (6 h) appeared to decrease TSP1 levels.
Therefore, cellular and media TSP1 levels were measured after
morphine exposure by immunoblotting under serum-deprived
conditions in immortalized astrocytes. Time course studies
revealed that 6 h after morphine addition, cellular levels of
TSP1 were attenuated (Fig. 3B). By 24 h, cellular TSP1 protein
had returned to levels that were slightly above control values,
and TSP1 protein content in the media was reduced by almost
50%. By 48 h, cellular and media TSP1 protein had reverted
back to control levels. It should be noted that neithermorphine
nor media was replenished in this experiment. These results
suggested that acute morphine may be eliciting a TSP gene
expression-independent inhibitory effect on TSP1 levels (Fig.
3B) that triggers a compensatory induction of TSP1 mRNA
after 5–6 h of morphine exposure (Figs. 1, B and C, and 2B).
In immortalized astrocytes, co-transfected with both a MEK

dominant negative mutant and MOR cDNA, morphine (6 h)
failed to attenuate TSP1 protein levels, suggesting that acute
actions of the opiate are ERK-mediated (Fig. 3C). Accordingly,
MEK inhibitor U0126 blocked the down-regulation of cellular
TSP1 levels by morphine (6 h) as well (Fig. 3D). Because U0126
was dissolved in DMSO, we ran control experiments with this
solvent alone. Immortalized astrocytes were treated for 15 min
or 6 or 25 h with the same volume of DMSO that was used in
Fig. 3D (n � 4).
Immunoblot analysis showed that TSP1 levels in DMSO-

treated lysates at all three time points did not differ from TSP1

FIGURE 2. Time course of morphine-induced changes in TSP1 gene expression in MOR1-transfected
immortalized astrocytes. A, cells were treated with either a single dose of morphine (1 �M) for 5, 27, and 48 h
in the absence of serum or with morphine (1 �M) in media and serum daily for 8 days. Fresh media with serum
but devoid of morphine were added for the last 24 h to the cells in the 8-day experiment. *, p � 0.05 versus
control (Con), n � 4. B, cells were treated with a single dose of morphine (1 �M) for 5, 27, and 48 h and
maintained in the presence of serum along with fresh morphine for the last 3 h. TSP1 gene expression was
measured by qRT-PCR as described under “Experimental Procedures” normalizing with GAPDH for relative
quantification. **, p � 0.01; ***, p � 0.001, versus control; †, p � 0.05 versus serum in the absence of morphine;
n � 4 –5. M, morphine; S, serum.
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FIGURE 3. Morphine-induced TSP1 protein down-regulation is attenuated by inhibition of ERK phosphorylation and MOR antagonism in MOR1-trans-
fected immortalized astrocytes. A, cells were maintained for 24 h in serum-free media and treated with morphine (1 �M) in media devoid of serum, and after 5 min
or 6 h, their lysates were subjected to immunoblotting together with a human platelet-derived TSP1 standard. In these and the following TSP1 blots, gels are
representative immunoblots showing TSP1 and �-actin. n �4–5. B, cells were treated with morphine (1 �M) in media devoid of serum, and after 6, 24, or 48 h they were
harvested. Cell lysates and media (passed through a filter with a 30-kDa cutoff) were subjected to immunoblotting on 7.5% SDS-polyacrylamide gels using a TSP1
monoclonal mouse Ab (1:200). The �-actin was run on cell blots only. Densitometry was performed on the band running at �170 kDa consistent with the position of
the human TSP1 standard. *, p � 0.05; ***, p � 0.001 versus control; n � 5–20. C, cells transiently co-transfected with MOR1 cDNA and either pcDNA3 vector or a
dominant negative MEK pcDNA3 were treated with morphine (1 �M) for 6 h in media devoid of serum. *, p � 0.05; ***, p � 0.001 versus empty vector controls. n � 4.
D, cells were treated with morphine (M) (1 �M) 	 U0126 (1 �M) for 6 h in media devoid of serum. ***, p � 0.001 versus control (Con); †, p � 0.05 versus morphine in the
absence of U0126; n �7–20. E, cells were treated with morphine (1 �M)	naloxone (1 �M) for 48 h in media devoid of serum but replenishing media with opiates every
24 h. Cells were then collected 24 h later. ***, p � 0.001 versus control; n � 6–8. F, cells were preincubated with CTAP (1 �M) for 1 h, followed by treatment with
morphine (1 �M) for 6 h in media devoid of serum, and TSP1 levels were monitored. CTAP was replenished every 2 h during the morphine treatment. *, p � 0.05 versus
control; †, p � 0.05 versus morphine; n � 8. G, cells were preincubated with nor-BNI (1 �M) for 1 h and treated with morphine (1 �M) for 6 h in media devoid of serum,
and TSP1 levels were monitored. *, p � 0.05 versus corresponding control; n � 10. H, cells were treated daily with DAMGO (1 �M) or morphine (1 �M) for 8 days in media
devoid of serum, and TSP1 levels were monitored. **, p � 0.01; ***, p � 0.001 versus control; n � 12.
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protein in untreated lysates (data not shown). As seen in Fig. 3E,
morphine down-regulatedTSP1 levels by 50%after 48 hwhen it
was replenished daily. Similarly, chronic buprenorphine (1 �M)
depleted cellular TSP1 content by 50% after 48 h with daily
replenishment (p � 0.05 versus control, n � 6–8). These data
suggest that chronic (days) effects of morphine inhibit both
TSP1 mRNA (Figs. 1, E and F, and 2A) and protein. The antag-
onist naloxone reversed the down-regulation of TSP1 levels by
morphine in cells suggesting the involvement ofMOR (Fig. 3E).
Because naloxone is a general opioid receptor antagonist, we
also tested the more selective and potent � antagonist CTAP,
which proved to reverse the action ofmorphine (Fig. 3F). CTAP
was replenished every 2 h in these experiments as it is a small
peptide that is susceptible to proteolysis by proteases secreted
into media by astrocytes. Although morphine binds to KOR as
well asMOR, the selective�opioid antagonist, nor-BNI, did not
block morphine attenuation of TSP1 levels (Fig. 3G). In addi-
tion, the prototypic � agonist DAMGO significantly reduced
TSP1 levels inMOR1-transfected immortalized astrocytes (p�
0.01, n � 8), and CTAP completely reversed the inhibitory
actions of DAMGO (data not shown). Because the late passage
immortalized astrocytes used were devoid of detectable endog-
enous MOR and KOR (61), transfected MOR1 is clearly the
target of morphine, DAMGO, CTAP, and naloxone.
As seen in Fig. 2A, chronic morphine treatment for 8 days

down-regulated TSP1 mRNA. Accordingly, we found signif-
icant decreases of 56 and 37% in TSP1 protein levels after 8
days of treatment of DAMGO and morphine, respectively
(Fig. 3H).
Morphine Inhibits TGF�1 Stimulation of ERK Phosphoryla-

tion in Astrocytes by Reducing TSP1 Levels—Similar to qRT-
PCR findingswith serum (Fig. 2B), amodest but significant (p�
0.05, n � 5) 2-fold induction of TSP1 mRNAwas seen after 3 h
of treatment with TGF�1 in untransfected astrocytes but not
after 1, 6, and 24 h of exposure (data not shown). When both
immortalized and primary astrocytes were treated with TGF�1
for 24 h, cellular TSP1 protein content was up-regulated 5- and
2-fold, respectively (Fig. 4,A andB).Morphine treatment (25 h)
of immortalized astrocytes attenuated the up-regulation by
serum 75% and by TGF�1 63%. In primary astrocytes, mor-
phine almost abolished TGF�1-induced TSP1 level up-regula-
tion under these conditions.Morphine alone had no effect after
25 h in serum-free media, similar to the findings for cellular
TSP1 in Fig. 3B. MEK inhibitor U0126 reverted TGF�1-in-
duced TSP1 protein back to control levels implicating ERK in
the growth factor mechanism (Fig. 4C).
BecauseTGF�1 induced greater levels ofTSP1 than controls,

the inhibitory effects of morphine on TSP1 protein were more
readily detectable. Therefore, we undertook additional studies
on the actions of morphine on TGF�1-induced TSP1 levels to
amplify the changes that this opiate elicits in short periods. This
would support our working hypothesis that TGF�1 induced
ERK activation by a mechanism involving EGFR transactiva-
tion, and morphine is capable of inhibiting this signaling.
Therefore, we conducted ERK assays on astrocytes treated
with TGF�1 in the presence of the specific EGFR Tyr phos-
phorylation inhibitor AG1478 or acute morphine. As seen in
Fig. 5,A andB, bothAG1478 andmorphine (2 h) greatly dimin-

ished TGF�1-stimulated ERK phosphorylation in astrocytes. A
question arose that an acute mechanism of opiate action may
exist that is independent of TSP1 gene expression. One possi-
bility would involve degradation of TSP1 by serving as a source
of EGF-like ligands to transactivate EGFR.Thismechanismwas
reported to occur either directly (71) or indirectly (72) depend-
ing on the cell type. Structure activity studies after site-specific
mutagenesis established that TSP1 releases EGF-like repeats by
an MMP-dependent mechanism, thereby reducing its levels.
Function-blocking TSP1 Ab (C6.7) was shown to diminish
TSP1-induced phosphorylation of EGFR. In previous EGFR
transactivation studies on MOR signaling, we implicated
MMP-mediated release of an extracellular source of EGF-like

FIGURE 4. Long term morphine attenuates TGF�1- and serum-induced
TSP1 protein up-regulation in astrocytes. A, MOR1-transfected immortal-
ized astrocytes were treated with 1 �M morphine (M) for 25 h. Alternatively,
cells were pretreated with 1 �M morphine for 1 h, followed by addition of
either serum (cell growth media) or TGF�1 (1 ng/ml) for 24 h, and TSP1 levels
were monitored. Con, control. *, p � 0.05; ***, p � 0.001 versus control. †, p �
0.05 versus their respective treatment in the absence of morphine; n � 4 – 8.
B, primary astrocytes were treated with 1 �M morphine in the same manner as
in Fig. 5A followed by serum or TGF�1 (1 ng/ml) for 24 h, and TSP1 levels were
assayed. **, p � 0.01; ***, p � 0.001 versus control. †, p � 0.05 versus their
respective treatment in the absence of morphine; n � 4 –7. C, MOR1 trans-
fected cells were treated with TGF�1 (1 ng/ml) 	 U0126 (1 �M) for 24 h in
media devoid of serum, and TSP1 levels were monitored. *, p � 0.05 versus
control; †, p � 0.05 versus TGF�1 alone n � 8.
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ligands in � opioid-stimulated EGFR and ERK phosphoryla-
tion, but we did not identify the source of EGF-like ligands
among the myriad of possibilities (56). To this end, we mea-
sured acute morphine-induced ERK phosphorylation in the
presence of the function-blocking TSP1 Ab C6.7 (72). As seen
in Fig. 6A, anti-TSP1 Ab C6.7 abolished morphine stimulation
of ERK phosphorylation. A control IgG1 isotype-matched Ab
did not affect morphine activation of ERK. Accordingly, TSP1
stimulated ERK phosphorylation, and this activation was abol-
ished by C6.7 Ab (Fig. 6B). As a negative control, we showed
that C6.7 Ab did not affect EGF-stimulated ERK activation
(Fig. 6C).
Chronic Morphine Inhibits Neurite Outgrowth and Synaptic

Puncta Formation in Astrocyte-Neuron Co-cultures—To deter-
mine cellular responses to chronic morphine, we prepared co-
cultures of primary rat cortical astrocytes and rat hippocampal
neurons, and the neurons were subjected to immunofluores-
cence confocal microscopy after 8–9 days of treatment. As
shown in Fig. 7A, neurons were stained with presynaptic syn-
aptotagmin (green), postsynaptic PSD-95 (red), and neuronal
MAP2 (blue) markers. Synapses were identified by co-localiza-
tion of the markers (merge). Neuron-astrocyte co-cultures
were grown for 8–9 days; neurons were stained, and the num-
ber of puncta/neuron was counted. Control levels were about 8
puncta/neuron (Fig. 7B), which are comparable with values
previously reported for retinal ganglion neurons that were also

relatively immature and grown in heterochronic co-cultures
with astrocytes (10, 34). These density values also reflect the
fact that counts of puncta are taken in a relatively thin plane at
the center of the neuron, and z stacking of images would yield
higher values. Our counting data indicated that chronic mor-
phine treatment of the co-cultures reduced synaptic puncta/
neuron by 54% (Fig. 7B).
We also observed that the morphine-treated neurons dis-

played a reduction in the elongation of dendrites compared
with controls in the co-cultures (Fig. 7C), consistent with pre-
vious reports that morphine suppresses neurite outgrowth in
primary neuron cultures. The effect of morphine on neurite
outgrowth was quantified by measuring total dendrite length/

FIGURE 5. Acute morphine and AG1478 attenuate TGF�1-stimulated ERK
phosphorylation in MOR1-transfected immortalized astrocytes. A, cells
were pretreated with 0.1 �M AG1478 for 20 min and treated with TGF�1 (1
ng/ml) for 5, 15, 30, and 60 min in media devoid of serum, and ERK phosphor-
ylationwasassayed.Gelsarerepresentative immunoblotsshowingphosphor-
ylated and total ERK1/2. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus control;
†††, p � 0.001 versus TGF�1 alone at the same time point; n � 4. B, cells were
pretreated with 1 �M morphine for 2 h and treated with TGF�1 (1 ng/ml) for 5
and 15 min, and ERK phosphorylation was assayed. Gels show phosphory-
lated and total ERK1/2. **, p � 0.01; ***, p � 0.001 versus control; ††, p � 0.01;
†††, p � 0.001 versus their respective treatment in the absence of morphine;
n � 4 –5.

FIGURE 6. TSP1-blocking Ab attenuates acute morphine, TSP1, but not EGF
stimulation of ERK phosphorylation in immortalized astrocytes. A, MOR-
transfected cells were pretreated with 5 ng/ml of either a nonspecific IgG or TSP1
function-blocking antibody C6.7 for 1 h, treated without morphine (Con) or with
1 �M morphine (M), and ERK phosphorylation was assayed. ***, p � 0.001 versus
control; n � 4. In these and the following blots of this figure, gels are representa-
tive immunoblots showing phosphorylated and total ERK1/2 or �-actin. B, cells
were pretreated with 5 ng/ml of either a nonspecific IgG or C6.7 for 1 h and then
treated with 5 �g/ml of human TSP1 for 5 min. *, p � 0.05; **, p � 0.01 versus
control; ††, p � 0.01 versus treatment with TSP1 in the presence of IgG; n � 6.
C, cells were pretreated with 5 ng/ml of either a nonspecific IgG or C6.7 for 1 h and
then treated with 2.5 ng/ml EGF for 5 min; n � 4.
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neuron. A 42% difference in dendrite elongation between con-
trols and morphine-treated neurons was observed. The data
suggest that neurite outgrowth could account for 71% of the
total reduction of synapse formation in co-cultures with astro-
cytes. This observation raises the possibility that morphine
diminished synapse formation primarily by attenuating neurite
outgrowth. If this were the case, then the density of synaptic
puncta per fixed length of dendrite in morphine-treated co-
cultures should not differ from untreated cells. Measurements
of this parameter revealed that puncta density did not vary (Fig.
7D). These findings clearly indicate that the reduction in neu-
rite outgrowth diminishes synapse formation. Nevertheless,
given the fact that TSP1 supports neurite outgrowth (35), our
data do not rule out the possibility that morphine inhibition of
TSP1 levels contributes directly to the reduction in both neurite
outgrowth as well as in synapse formation.

DISCUSSION

Upon chronic treatment of adult rats with the opiate
buprenorphine followed by spontaneous withdrawal, TSP1
expression in their nucleus accumbens was shown to be down-
regulated 4-fold. To determine whether morphine also modu-
lated TSP1 expression, we chose to use neonatal rats as their
levels of TSP1/2 are much higher. Moreover, we wished to
examine mechanistic aspects with primary rat astrocyte cul-
tures and immortalized astrocytes that were derived from P1
pups. Therefore, the use of P5 pups would ensure better com-
parisons than adults between parallel in vitro and in vivo exper-
iments. If P5 rat pups were treated with morphine for 6 h, a

2-fold increase in TSP1 gene ex-
pression was observed. However, if
the pups were treated with mor-
phine twice daily for 2.5 days or
once daily for 8 days similar to the
time course in the co-culture stud-
ies, TSP1 expression was dimin-
ished by 47 and 41%, respectively.
Because TSP1 is synthesized pri-
marily in astrocytes, we undertook
experiments to further characterize
the mechanism of modulation of
TSP1 expression by opiates with
these cells in vitro. The acute stim-
ulatory action of morphine on TSP1
gene expression in vivo (Fig. 1,B–D)
was also observed in astrocytes
upon 5 h of exposure to morphine
(Fig. 2B). Because acute (5 min)
morphine induces ERK phos-
phorylation (57), it is possible that
ERK mediates TSP1 mRNA
up-regulation.
We then asked whether mor-

phine was capable of stimulating
TSP1 protein levels as measured by
immunoblotting, but instead we
discovered that cellular depletion of
TSP1 occurred after short term (6 h)

and chronic (2 and 8 days) treatment of astrocytes. This raised
the possibility that the acute inhibitory action of morphine on
TSP1 levels may include degradation of TSP1 by MMP/
ADAM-induced limited proteolysis. Recently, it was shown
that TSP1 can serve as a source of EGF-like ligands that may
transactivate EGFR directly or indirectly by an MMP-depen-
dent mechanism (71, 72). Accordingly, we found that a TSP1
function-blocking Ab inhibited acute (5 min) morphine or
TSP1-stimulated ERKactivation (Fig. 6). The depletion ofTSP1
in this manner may turn on a compensatory stimulation of
transcription of this extracellular matrix protein observed in
the short term (5–6 h) treatment (Figs. 1, B and C, and 2B).

The mechanism of the inhibitory action of morphine on cel-
lular TSP1 levels entailed mediation of MOR and ERK. The
involvement of MORwas documented by the use of selective �
(CTAP) and � (nor-BNI) opioid antagonists and the prototypic
� agonist DAMGO to mimic the actions of acute (6 h) and
chronic (8 days) morphine. In previous studies of MOR signal-
ing in astrocytes, we learned that ERK activation featured Gi/o
protein, CaM, and �-arrestin2-dependent pathways, all of
which included EGFR transactivation (59). Although theGpro-
tein and �-arrestin2-dependent pathways were shown to be
involved in astrocyte proliferation, CaM signaling was not,
therebymaking it a candidate for another cellular response and
possibly TSP1 modulation.
There is evidence that TGF� is capable of inducing TSP1

levels and/or expression in various cell lines, including astro-
cytes (36–40). In addition, TGF� can modulate transcription
of immediate early genes in a processmediated by EGFR trans-

FIGURE 7. Chronic morphine inhibits neurite outgrowth and synaptic puncta densities in astrocyte neu-
ron co-cultures. E18 rat hippocampal neurons were cultured on coverslips in companion 24-well plates with
inserts containing P1 rat primary cortical astrocytes (see “Experimental Procedures”). Co-cultures were grown in
neuronal maintenance media for 8–9 days, and 1 �M morphine was supplied on a daily basis. A, neurons were
stained with rabbit anti-synaptotagmin, mouse anti-PSD95, and chicken anti-MAP2 Abs, followed by incubation
with goat anti-rabbit Alexa 488 Ab (Molecular Probes), goat anti-mouse Alexa 594, and aminomethylcoumarin
acetate-conjugated anti-chicken IgY, respectively. Coverslips were treated with anti-fade reagent and examined for
immunofluorescence with an OLYMPUS FV-1000 MPE confocal microscope. ImageJ software was used to merge red
and green images to detect synaptic puncta (yellow). B, quantification of puncta/neuron. ***, p � 0.001; n � 4.
C, quantification of micrometers of dendrite/neuron. **, p � 0.01, n � 3. D, quantification of puncta per 100 �m of
dendrite by custom plug-in software. n � 3. Con, control; M, morphine.
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activation and ERK phosphorylation (41, 73). Therefore, we
addressed the question of whether morphine treatment atten-
uated TGF�-induced TSP1 levels. As seen in Fig. 4, this proved
to be the case in both immortalized and primary astrocytes.
Evidence for ERK mediation of TGF� induction of TSP1 levels
was also obtained. In these experiments, TGF�1 alone induced
a 5-fold change in TSP1 levels after 24 h. This suggested that
TGF�1 induced TSP1 expression under conditions used with
primary and immortalized cortical astrocytes, and this was ver-
ified by qRT-PCR experiments in which TGF� induced a 2-fold
increase in TSP1 expression after 3 h in immortalized astro-
cytes. We also discovered here that both acute (2 h) morphine
andAG1478, a specific inhibitor of EGFRTyr phosphorylation,
strongly attenuated TGF� activation of ERK (Fig. 5).

Because both TGF�1 and morphine modulate TSP1 protein
levels via EGFR and ERK activation, an attractive hypothesis is
that EGFR is at the point of convergence of these two pathways
and is the target of chronicmorphine inhibitory action onTSP1
synthesis (Fig. 8). In earlier studies, we obtained evidence sug-
gesting that � opioid signaling can inhibit EGF stimulation of
ERK and thereby astrocyte proliferation by a negative feedback
loop mechanism, wherein EGFR is phosphorylated by ERK at
Ser residues (56, 59). EGFR is known to be down-regulated via
internalization and lysosomal degradation upon Ser phosphor-
ylation. To detect this feedback inhibition, morphine exposure
had to be maintained for over 1 h and it persisted for over 3 h,
suggesting it could explain the acute (hour) inhibitory effect of
this opiate onTSP1 protein levels. These results exemplify tem-
porally distinct � opioid modulation of ERK activation. How-
ever, the data do not rule out the possibility that morphine and
TGF�may activate populations of ERK that are known to occur
in different compartments such as clathrin-coated pits or endo-

somes in astrocytes. There is ample precedence for such spa-
tially discrete sites of ERK activation, as shown in many cell
types by a number of research groups and in astrocytes by our
group (58, 59 and references cited therein).
It is also possible that morphine can acutely deplete TSP1 as

suggested in Fig. 6. Because � and � opioids also appear to
transactivate EGFR by stimulating the release of EGF-like
repeats by an MMP-dependent mechanism in astrocytes (56),
this opiate may promote limited proteolysis of TSP1 to release
its three EGF-like repeats as well (Fig. 8). Additional studies are
underway to show that acute treatment with morphine can
deplete TSP1 levels by this mechanism in astrocytes. In conclu-
sion, evidence gained thus far is consistent with the notion that
both acute and chronic morphine reduce TSP1 levels in astro-
cytes by mechanisms implicating transactivation of the impor-
tant receptor, EGFR. However, in the experiment with mature
rats that entail 14 days of chronic morphine followed by 9 days
of withdrawal, results of the array analysis would only reflect
the actions of the chronic morphine mechanism as influenced
by withdrawal. After 9 days of abstinence, residual morphine
would be depleted, thereby eliminating occurrence of acute
actions.
Because chronic morphine and DAMGO reduced astrocyte

media TSP1 levels by 37 and 56%, we sought to determine the
impact of this inhibition on synapse formation and neurite out-
growth in astrocyte neuron co-cultures as both cellular
responses are potentiated by TSP1 (10, 35). Upon growing co-
cultures for 8–9 days in the presence of morphine (replenished
daily), we determined by immunofluorescence confocal
microscopy that synaptic puncta/neuron and dendrite length
(micrometer) were reduced by 54 and 43%, respectively. To
determine whether the reduction of dendrite elongation con-
tributed to the loss of synaptic puncta, we alsomeasured puncta
density (puncta/1 �m dendrite length) and found no change
between puncta densities in treated and control cells. The data
suggest that 71% of the puncta loss was caused primarily by
reduction in neurite outgrowth. It is possible then that 29% of
the puncta loss may be due to a direct action of morphine on
astrocyte-driven synapse formation. TSP1 also stimulates neu-
rite formation in vivo and in vitro. In addition, function-block-
ing TSP1 Abs diminish neurite outgrowth (32). Finally, it is
known that addition of astrocytes to primary neurons enhances
neurite outgrowth (74). Therefore, morphine may decrease
neurite formation by depleting TSP1 secreted by astrocytes in
primary neuron cultures. It has been known for some time that
opioidsmodulate neurites and dendritic spines of neurons (75–
82). The data indicate that opioids can influence neurite out-
growth positively and negatively depending upon dosage and
other factors, but the mechanism of action has not been exam-
ined. Studies on neurite outgrowth and other changes in neu-
ronal morphology have provided indirect evidence for an inter-
relationship between opioids and synaptogenesis. However,
primary neurons are not generally known to express TSP1 with
a few exceptions (83, 84). This gliotransmitter may originate
from residual astrocytes in primary neuronal cultures. Thismay
be possible as recently homogeneous neuronal populations
were shown to be difficult to prepare unless immunopanning is
used in their purification (42).Morphine treatment ofNeuro2A

FIGURE 8. Hypothetical model of morphine-induced reduction of TSP1
levels via TGF�1 and its impact on synapse formation. Acute morphine
acts via MOR to activate EGFR in astrocytes. The transactivation of EGFR
occurs upon MMP/ADAM-mediated release of EGF-like ligands from proteins
either anchored to the plasma membrane or in the extracellular matrix (ECM).
If TSP1, which contains EGF-like domains, is a substrate of the MMP/ADAM, it
will be depleted. Upon chronic morphine treatment, phospho-ERK (pERK)
formed by transactivation phosphorylates Ser residues of EGFR and that leads
to its endocytosis that by �2 h is detectable. This down-regulation of EGFR
diminishes TGF�1-induced TSP1 de novo synthesis. The final outcome of the
decreases in TSP1 by limited proteolysis and inhibition of TSP1 synthesis via a
different phospho-ERK pathway is a reduction of neurite outgrowth and syn-
apse formation elicited by this gliotransmitter.
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cells also modulates neurite outgrowth (79). However, these
neuroblastoma cells may express TSP1, as transformed cells
express many genes not found in their wild type counterparts.
Neurons derived from embryonic carcinoma cells express
TSP1 (83). Experiments are underway to determine whether
TSP1 is directly involved in themechanismof inhibition of both
neurite outgrowth and synapse formation by morphine in vitro
and in vivo. In these studies, adult rats will also be treated with
chronic opiates followed by spontaneous withdrawal, the regi-
men used in the buprenorphine gene profiling experiments
(Fig. 1A). It is generally agreed that neural adaptations impli-
cated in addiction by many drugs, including opiates, are
brought about by modification of synaptic plasticity mecha-
nisms that can feature neuronal glia interactions (85–87).
Therefore, the TSP1-dependent mechanism suggested here
(Fig. 8) may prove to be a novel example of disruption of syn-
aptic plasticity in opiate addiction.
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