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Behavioral sensitization to psychostimulants involves neuroad-
aptation of stress-responsive systems. We have identified and
sequenced a glucocorticoid-induced receptor (GIR) cDNA from
rat prefrontal cortex. The full-length GIR cDNA encodes a 422
amino acid protein belonging to G-protein-coupled receptor
superfamily. Although the ligand for GIR is still unknown, the
dendrogram construction indicates that GIR may belong to
peptide receptor subfamily (e.g., substance P receptor), with
more distant relationship to subfamilies of glycoprotein hor-
mone receptors (e.g., thyrotropin receptor) and biogenic amine
receptors (e.g., dopamine receptor). GIR shares 31-34% amino
acid identity to the tachykinin receptors (substance P receptor,
neurokinin A receptor, and neurokinin B receptor). GIR mRNA is

expressed preferentially in brain, and its neuronal expression is
relegated to limbic brain regions, particularly in forebrain. GIR
transcript levels are increased significantly and persistently in
prefrontal cortex for 7 d after discontinuation of chronic am-
phetamine exposure. The induction of GIR expression by am-
phetamine is associated with augmented behavioral activation.
These findings suggest that modulation of GIR expression may
be involved in behavioral sensitization, and GIR may play a role
at the interface between stress and neuroadaptation to
psychostimulants.
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Behavioral sensitization is a progressive and enduring enhance-
ment of certain behaviors after repetitive stress or stimulant drug
administration. It is a useful, well studied model of behavioral
plasticity (Antelman et al., 1980; Robinson and Becker, 1986;
Kalivas and Duffy, 1989). After repeated, intermittent treatment
with stress or stimulant drugs, sensitized behaviors may occur
more intensely with a shorter latency or at a lower dose than
before behavioral sensitization (Antelman et al., 1980; Segal et
al., 1980). The ventral tegmental area, prefrontal cortex, and
amygdala seem to mediate the initial development of sensitization
to neural substrates, whereas the nucleus accumbens and more
distal structures may be involved in its expression (Kalivas and
Stewart, 1991; Pierce and Kalivas, 1997; Wolf, 1998). Sensitiza-
tion is a long-lasting behavioral change accompanied by neuro-
adaptation (White and Kalivas, 1998; Nestler, 2000), a conse-
quence of new protein synthesis depending on sustained
alteration of gene expression (Karler et al., 1993; Sorg and Uli-
barri, 1995; Nestler, 2000). For example, AFosB accumulates in
the nucleus accumbens long after chronic exposure to drugs of
abuse including amphetamine, cocaine, and opiates (Hope et al.,
1994; Kelz et al., 1999; Kelz and Nestler, 2000), and NAC-1
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mRNA expression remains elevated in the nucleus accumbens for
3 weeks after acute and repeated cocaine administration (Cha et
al., 1997). These examples of neuroadaptation are relevant to the
human addictive process, in which learned drug-seeking and
other behaviors persist long after bouts of drug use are extin-
guished (Vanderschuren and Kalivas, 2000).

Mechanisms of cross-sensitization between stress and psycho-
stimulants remain elusive, but the activation of the hypothalam-
ic—pituitary—adrenal axis in response to stress may facilitate the
development of sensitization and enhance the vulnerability to
drug addiction (Koob, 1999). Substance P appears to be a pivotal
neurotransmitter implicated in both stress and drug dependence
models (Kramer et al, 1998; Murtra et al, 2000). The
glucocorticoid-induced receptor (GIR) was originally identified
as a stress-response element from a murine thymoma cDNA
library treated with glucocorticoid and forskolin (Harrigan et al.,
1991). GIR mRNA was further localized to limbic forebrain
regions, dorsal and ventral striatum, and hypothalamic nuclei
within the mouse CNS (Pesini et al., 1998). Recently, the gene
structure of human GIR was described (De Moerlooze et al.,
2000; Parker et al., 2000). Although it is known that GIR expres-
sion is restricted to brain and thymus and it can be induced by
dexamethasone and forskolin, the ligands of this membrane re-
ceptor and its functions remain unknown (Harrigan et al., 1989,
1991; Parker et al., 2000).

Given the importance of stress to models of stimulant sensiti-
zation, we evaluated this potential stress-responsive GIR gene in
neuroadaptation. To explore the functions of GIR in the exper-
imental animal models, we have cloned rat GIR ¢cDNA, charac-
terized its expression and regional localization in brain, and
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provided the first evidence about its potential role in the long-
term maintenance of neuroadaptation at the genetic transcrip-
tional level.

MATERIALS AND METHODS

Animals. Male adult Sprague Dawley rats (200-250 gm; Harlan Sprague
Dawley Laboratories, Indianapolis, IN) were housed for a minimum of 2
weeks in a vivarium before use. Animals were killed by decapitation, and
the brains were quickly removed and placed on ice for dissection.
Dissection was performed using a coronal rodent brain matrix as de-
scribed (Segal and Kuczenski, 1974). The most anterior brain region was
used for assays of prefrontal cortex after removing the olfactory bulb.
After dissection, brain regions were frozen in liquid nitrogen and stored
at —80°C before use.

Drugs. p-amphetamine (D-AMPH) (Research Biochemicals, Natick,
MA) was dissolved in 0.9% saline. Drug concentrations were calculated
as the free base. All injections were subcutaneous in a final volume of 1
ml/kg body weight.

RNA preparation and reverse transcription. Total RNA was isolated
from rat prefrontal cortex by single-step guanidine thiocyanate—phenol
extraction using the TRI REAGENT (Molecular Research Center,
Cincinnati, OH) following the manufacturer’s instruction. The purified
RNA was used for the rat GIR ¢cDNA cloning, amplification of both 5’
and 3’ cDNA ends. The concentrations of RNA samples were deter-
mined by spectrophotometric measurements at 260 and 280 nm. First-
strand cDNA was synthesized from total RNA using a random hexamer
primer (Promega, Madison, WI) following the manufacturer’s instruction.

PCR. A 166 bp rat cDNA fragment was isolated from medial prefron-
tal cortex by differential display (N. Richtand, unpublished data). Using
the BLASTN program on National Center for Biotechnology Informa-
tion (NCBI) web server, we found that this fragment shared 81% identity
to the mouse GIR (Harrigan et al., 1991). Then we designed two
oligonucleotides (primer A and primer B) within the 166 bp stretch and
one oligonucleotide (MGIRT1) in the transmembrane domain I of mouse
GIR outside the 166 bp rat-mouse matched region. The oligonucleotides
were: primer A (5'-GCATAGACAGAGCCAAGGCCA-3', 1985-2005
bp, GenBank accession number AY(029071), primer B (5'-AGCAGAG-
GCTGGTTCAGTCA-3', 1780-1799 bp, GenBank accession number
AY029071), and MGIR1 (5'-CTCTTCGGTAATGTCCTGGTC-3/,
537-557 bp, GenBank accession number M80481). Amplification was
conducted with MGIR1 and primer A in a thermal cycler for 30 cycles of
94°C for 30 sec, 50°C for 30 sec, and 68°C for 2 min using Platinum 7agq
polymerase (Life Technologies, Bethesda, MD). One-third of the RT-
PCR product was subjected to Southern blot analysis using the nested
rat-specific primer B as probe. The blotted membrane was washed in 2X
SSC at 60°C and exposed to Kodak X-Omat AR film at —80°C. The 1.4
kb PCR product, amplified from the prefrontal cortex and identified by
Southern blot analysis, was purified by agarose gel electrophoresis and
subcloned into the pGEM-T vector (Promega). Positive clones were
selected by colony hybridization using primer B as probe again, and
insert sequences were determined by DNA sequencing. Sequence anal-
ysis demonstrated a 97% sequence identity between the rat and mouse
GIR c¢DNA (Harrigan et al., 1991).

5'- and 3'-rapid amplification of cDNA ends. After obtaining the partial
rat GIR ¢cDNA, 5'- and 3'-rapid amplification of cDNA ends (RACE)
was performed to determine the putative leading exon and 3’ noncoding
region of rat GIR using the SMART RACE cDNA amplification kit
(Clontech, Palo Alto, CA). Total RNA from rat prefrontal cortex was
used as template to synthesize the first-strand cDNAs for 5'- and 3'-ends
following the manufacturer’s instruction. The first-strand 5'-RACE-
ready cDNA was synthesized with 5'-RACE cDNA synthesis primer
(5'-CDS) and SMART II oligonucleotide, and the first-strand 3'-R ACE-
ready cDNA was synthesized with 3'-RACE cDNA synthesis primer
(3'-CDS) (Clontech).

The GIR-specific primers were designed from the obtained partial
sequence of rat GIR: RGSP1 (§'-TTATAACAAGTGCTGCTCATG-
GCAAACCAGTGG-3', 1294-1326 bp, GenBank accession number
AY029071), RNGSP1 (5'-CAAAGTAGAGGGCGTTGTTGGTGTGG-
3’, 1264-1289 bp, GenBank accession number AY029071), RGSP2 (5'-
CCTCTTCGCTCTCTGCTGGTTCCCC-3', 1201-1225 bp, GenBank
accession number AY029071), and RNGSP2 (5'-CAACTGCTATGTCC-
TCCTTCTGTCCAGC-3', 1228-1255 bp, GenBank accession number
AY029071). The 5'-R ACE amplification was performed in 50 ul of final
volume using 2.5 ul of 1/100 diluted 5'-R ACE-ready cDNA template, a
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2 uM concentration of GIR-specific RGSP1 and Universal Primer Mix,
and Advantage 2 Polymerase Mix (Clontech). The 3’-R ACE amplifica-
tion was performed similarly by using 3'-R ACE-ready cDNA and GIR-
specific RGSP2. PCR amplification was conducted in a thermal cycler for
initial five cycles of 94°C for 5 sec and 72°C for 3 min, followed by five
cycles of 94°C for 5 sec, 70°C for 10 sec, 72°C for 3 min, and ended with
35 cycles of 94°C for 5 sec, 68°C for 10 sec, and 72°C for 3 min. The
RACE amplification products were confirmed by Southern blot analysis
with nested GIR-specific oligonucleotides RNGSP1 for 5'-RACE prod-
uct, and RNGSP2 for 3'-R ACE product, respectively. The positive DNA
fragments were gel-purified and subcloned into the pGEM-T vector
(Promega). Positive clones were selected and subjected to DNA
sequencing.

Direct DNA sequencing. Plasmid DNA was prepared using a Qiagen
(Valencia, CA) DNA purification kit. Double-stranded DNA was directly
sequenced at the University of Cincinnati DNA Core Facility and
confirmed by complementary strand sequence.

Tissue distribution. Tissue-specific expression of GIR was investigated
by Northern blot analysis. A rat multiple-tissue Northern blot of
poly(A) " RNA from heart, brain, spleen, lung, liver, skeletal muscle,
kidney, and testis was purchased from Clontech. The rat GIR-specific
cDNA probe (1201-1568 bp, GenBank accession number AY029071) was
labeled by random priming with [e-**P]dCTP and incubated with the
membrane at 68°C for 1 hr in ExpressHyb Solution (Clontech). The blot
was washed once with 2X SSC containing 0.05% SDS at room temper-
ature for 40 min and twice with 0.1X SSC containing 0.1% SDS at 50°C
for 40 min, followed by exposure to Kodak X-Omat AR film at —80°C.
Finally, the blot was stripped and rehybridized with a rat B-actin cDNA
probe (Clontech) as an internal standard.

In situ hybridization. Assessment of GIR mRNA expression was ac-
complished using probes that recognize the 368 bp stretch of GIR
mRNA (complementary to the 1201-1568 bp region of rat GIR mRNA,
GenBank accession number AY029071). Labeling reactions included 60
uCi of *S-UTP (specific activity 1800 Ci/mmol), 1X transcription
buffer, 15 mm dithiothreitol, 200 um GTP, CTP, and ATP, 10 um UTP,
40 U of placental RNase inhibitor, 1 pg of linearized plasmid DNA, and
20 U of appropriate RNA polymerase (T3 or T7; Roche Molecular
Biochemicals, Indianapolis, IN). Reactions were incubated at 37°C for 90
min. The DNA template was then removed by RNase-free DNase I
digestion for 15 min at 37°C, and reaction mix was diluted to 100 ul with
diethylpyrocarbonate (DEPC)-treated water and ethanol precipitated
with 7.5 M ammonium acetate.

Brain sections were fixed for 10 min in 4% buffered paraformaldehyde
and rinsed twice in 5 mm DEPC-treated potassium PBS (KPBS), pH 7.5
(5 min), twice in KPBS and 0.2% glycine, and twice in KPBS. Sections
were then acetylated by a 10 min treatment with 0.25% acetic anhydride
and 0.1 M triethanolamine, pH 8.0, rinsed twice in 0.2X SSC (5 min), and
dehydrated in a graded ethanol series. Labeled probes were added to a
hybridization buffer containing 50% formamide, 20 mm Tris-HCI, pH
7.5, 1 mm EDTA, 335 mmM NaCl, 1X Denhardt’s solution, 200 pg/ml
salmon sperm DNA, 150 pg/ml yeast transfer RNA, 20 mM dithiothrei-
tol, and 10% dextran sulfate. Probes were denatured for 15 min at 65°C
and 50 ul (1 X 10° cpm) of diluted probe applied to each slide. Slides
were coverslipped, placed in moistened chambers, and incubated over-
night at 55°C. After hybridization, coverslips were removed in 0.2X SSC
and rinsed in fresh 0.2X SSC for 10 min. Sections were treated with
RNase A (50 ug/ml) for 30 min at 37°C and transferred to fresh 2x SSC,
then rinsed three times in 0.2X SSC (10 min per wash) followed by a 1 hr
wash in 0.2X SSC at 65°C. Sections were dehydrated in a graded ethanol
series, dried at room temperature, and exposed for 14-21 d to Kodak
BioM AX film (Eastman Kodak, Rochester, NY). Hybridization controls
included (1) sections hybridized with sense-strand probe generated from
the same vector construct, and (2) sections preincubated in RNase A (50
wng/ml, 30 min, 37°C) before hybridization with antisense probe. No
hybridization signal was observed after either control procedure.

GIR mRNA expression after chronic amphetamine administration. Male
Sprague Dawley rats (200-250 gm; Harlan Sprague Dawley Laborato-
ries) received subcutaneous injections of either D-AMPH (2.5 mg/kg) or
saline (1 ml/kg) in their home cages once daily for 5 consecutive days
(days 1-5). On day 9, 4 d after completion of this pretreatment regimen,
all animals were transferred to residential activity chambers (Segal and
Kuczenski, 1987; Richtand et al., 2000) and received saline injection (1
ml/kg) on days 10 and 11 to measure conditioned response to injection.
On day 12, 7 d after completion of the pretreatment regimen, all rats
received D-AMPH (2.5 mg/kg), and locomotor activity was determined
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by photobeam monitoring for 150 min after injection. Locomotor activity
is expressed as crossovers, defined as the number of times the animal
crosses into any of four quadrants subdividing the enclosure. All animals
were killed by decapitation 4 hr after injection, and total RNA was
extracted from prefrontal cortex for determination of GIR mRNA ex-
pression. In a separate experiment, rats were injected with either
D-AMPH (2.5 mg/kg) or saline (1 ml/kg) for 5 consecutive days and
killed by decapitation 7 d after the last injection without the final AMPH
challenge. Thus, four groups were generated: SAL-AMPH (saline for
5 d and AMPH at challenge), AMPH-AMPH (AMPH for 5 d and
AMPH at challenge), SAL (Saline for 5 d), and AMPH (AMPH for 5 d).

Construction of competitor DNA and quantitative RT-PCR. To construct
the mutant template for competitive PCR, a 20 bp GIR sequence
(5'-TCGCTCTCTGCTGGTTCCCC-3', 1206-1225 bp, GenBank acces-
sion number AY029071) was incorporated into the 5" end of the upstream
PCR primer so that a rat GIR ¢cDNA fragment could be amplified by
RT-PCR using the chimeric upstream primer (5'-TCGCTCTCTGCT
GGTTCCCCTCCCTTCATCTACTGCTGGC-3', 1327-1346 bp, Gen-
Bank accession number AY029071) and the downstream primer (5'-
CGGCCACAGTGGGTTCCAC-3', 1550-1568 bp, GenBank accession
number AY029071). The 262 bp PCR product was subcloned into the
pGEM-T vector (Promega). The plasmid DNA was purified (Qiagen),
and the competitor insert was verified by DNA sequencing. The insert
(262 bp) was released by EcoRI digestion and purified by agarose gel
electrophoresis. DNA concentration was determined spectrophotometri-
cally. Serial dilutions of mutant template were prepared.

The amount of GIR mRNA was quantitated by competitive RT-PCR
as described previously (Siebert and Larrick, 1992; Raeymaekers, 1999).
Briefly, reverse transcription was performed with 2 ug of total RNA
using a nonspecific random hexamer primer (Promega). One microliter
of first-strand cDNA was mixed with known amounts of linearized
competitor DNA ranging from 0.5 to 16 fg and subjected to coamplifi-
cation with GIR-specific primers (5'-TCGCTCTCTGCTGGTTCCCC-
3’,1206-1225 bp and 5'-CGGCCACAGTGGGTTCCAC-3’, 1550-1568
bp, GenBank accession number AY029071). PCR was run for 30 cycles of
94°C for 1 min, 60°C for 50 sec, and 72°C for 1.5 min, and the PCR
products were electrophoresed on 1.2% agarose gel and stained with
ethidium bromide. The amount of rat GIR mRNA was determined by
calculating how much of the competitor was required to achieve equal
molar amounts of products as described previously (Siebert and Larrick,
1992; Raeymackers, 1999). To do so, the intensities of ethidium bromide
fluorescence bands, corresponding to the PCR products either from the
GIR mRNA or from the competitor (101 bp size difference), were
measured densitometrically on the computer imaging of the gels. The
quantitative determination was achieved by digitization of gels with a
BioImage System Quantity One (Bio-Rad, Hercules, CA) and further
densitometric evaluation with the ImageQuant 1.2 software. The inten-
sity ratios between the two bands were logarithmically plotted against the
known initial input of competitor template, and the amount of GIR
mRNA in the total RNA samples was calculated by extrapolating from
the intersection of the curves, where the amounts of target and compet-
itor are equal (logl0 = 0) to the x-axis, as indicated by Siebert and
Larrick (1992). Control PCR with water or RNA template without
reverse transcription gave no amplification product (data not shown).

Statistical analysis. Group data are expressed as mean = SEM. Statis-
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Figure 1. Hydropathy analysis. Plot of hydrophobicity
and hydrophilicity of the rat GIR protein. Eight hydro-
phobic domains, including a putative signal sequence
(S) and seven transmembrane spans ([-VII) are
predicted.

tical analysis was performed by unpaired Student’s ¢ test. Differences
were considered significant at p < 0.05.

RESULTS

Identification and characterization of rat GIR cDNA

We have cloned and characterized the full-length GIR cDNA
from rat prefrontal cortex by RT-PCR, 5'-R ACE, and 3'-R ACE.
Complete sequencing of the cDNA reveals a 1266 bp open read-
ing frame flanked by a 307 bp 5'-untranslated region and a 2100
bp 3’-untranslated region (GenBank accession number
AY029071). A polyadenylation signal is present at position 3615,
16 nucleotides upstream of the poly(A) tail. A potential transla-
tion initiation site (ATG) is assigned to the methionine codon at
nucleotide positions 308-310 because it matches the vertebrate
consensus sequences at +4 position and is predicted to initiate
translation of GIR, although it shows a suboptimal sequence at
the —3 position (Kozak, 1991).

Amino acid sequence and its comparison with

other receptors

Based on amino acid sequence derived from the rat GIR cDNA,
this gene encodes a protein of 422 amino acids with a relative
molecular mass of 48 kDa. The hydrophobicity plot of the protein
sequence reveals the presence of seven distributed hydrophobic
regions throughout the polypeptide, indicating that GIR belongs
to the G-protein-coupled receptor superfamily (Fig. 1). The seven
putative transmembrane a-helices of GIR consist of a continuous
stretch of 17-23 uncharged amino acid residues, except that
transmembrane domains II, III, and IV contain Asp116, His155,
Aspl67, and His203, respectively (Fig. 24). Both Figures 1 and
2A show the hydrophobic N-terminal region with the presence of
a potential signal sequence (17 residue in length) and potential
signal peptidase cleavage sites (von Heijne, 1986) located at Vall5
and Alal7.

The primary amino acid sequence of rat GIR was blasted in the
GenBank database, and revealed a significant similarity to other
G-protein-coupled receptors (Fig. 24). Overall, the rat GIR
shares the highest sequence identities with mouse (97%) and
human GIR (88%) and limited but close identities with rat
substance P receptor (NK-1R, 33.7%), neurokinin A receptor
(NK-2R, 31.3%), and neurokinin B receptor (NK-3R, 34.3%).
The rat GIR shows sequence identities to the transmembrane
domains I (50%), 11 (38%), 111 (27%), IV (33%), V (36%), V1
(43%), and VII (70%) of substance P receptor, with an overall
identity of 42.4% in the transmembrane domain regions. It also
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R ZNK3R IIVVVTFAICWLPYHVYFILTAIYQQLNRWKY IQQVYLASFWLAMSSTMY
glucocortlcmd—lnduced receptor; NK]R, rNK2R VLVVLTFAICWLPYHLYFILGTFQEDIYYHKFIQQVYLALFWLAMSSTMY
substance P receptor; NK3R, neurokinin Consensus VLVVV-FA-CW--PL-CY-LL--LSSK-I-T-FI-—-Y-AFHW-AMSST-Y | L] D5R
5 >
. i _ TMVIT n
B receptor; NKZR, neurOk.ln_ln A recep rGIR NPFIYCWLNENFRVELKALLSMCQRPSKPQEDRLPSPYVPSFRVAWTEKSH
tor; OPRK, Kapp.type ()plOld receptor; MGIR NPFIYCWLNENFRVELKALLSMCQRPPKPQEDRLPSPVPSFRVAWTEKSH DIR
. BGIR NPFIYCWLNENFRIELKALLSMCORPPKPQEDGQPSEVPSFRVAWTEKND
D3R, dopamlne D3 receptor; DZR7 do- NKIR NPIIYCCLNDRFRLGFKHAFRCCPFISAGDYEGLEMKSTRYLQT.QSSVY
. 1 . a M TNR3R NPIIYCCLNKRFRAGFKRAFRWCPFIQVSSYDELELKTTRFHPTRQSSLY
pamine D2 receptor; D3R, dOPdmlne D5 ZNK2R NPITYCCLNHRFRSGFRLAFRCCPWVTPTEEDRLELTHTPSLSRRVNRCH B2AR
receptor; DIR, dopamine D1 receptor; Consensus NP-IYC-LNE-FRV--KA---MC-RP-KPOEDRL-SPV-SFRVAWTEKSH
B2AR, adrenergic B2 receptor; BIAR, BlAR
adrenergic B1 receptor; STE2, yeast « STE?2
factor receptor).

shows significant sequence identities to the first (33%), second
(53%), and third intracellular loops (31%), with more limited
sequence identities to the N terminus (22%), first (25%), second
(27%), and third extracellular loops (8%) as well as the C termi-
nus (20%) of substance P receptor. Figure 24 shows the align-
ment of these receptors illustrating several conserved regions in
their amino acid sequences. The rat GIR has several structural
characteristics common to the members of the G-protein-coupled
receptor superfamily. Four potential N-linked glycosylation sites
are identified as Asn38, Asn45, Asn66, and Asn133 according to
the consensus sequence of Asn-X-Ser/Thr. Three of them are
located in the N terminus, and one is in the first extracellular
loop. Several consensus sites for possible phosphorylation by
protein kinase C and protein kinase A exist in the third intracel-
lular loop and C terminus, respectively. Several cysteine residues
are identified in the intracellular and extracellular loops as well as
C terminus, respectively. In comparison with the mouse GIR, the
rat GIR has a deletion involving one amino acid residue at
position 40 in the N terminus. A dendrogram was constructed
using the Wisconsin Package version 10, Genetics Computer
Group (GCG, Madison, WI), and the clusters of GIR and tachy-
kinin receptors are closely related as compared with the other
members in the G-protein-coupled receptor superfamily (Fig. 2B).

Tissue distribution of rat GIR

The tissue distribution of GIR expression in rats was examined by
Northern blot analysis. A major mRNA species was detected in
brain by Northern blot analysis using rat GIR cDNA as probe
(Fig. 3). The expression was not detected in peripheral tissues,
including heart, spleen, lung, liver, skeletal muscle, kidney, and
testis (Fig. 3).

Regional localization of GIR mRNA in rat forebrain

In situ hybridization analysis was performed to assess GIR
mRNA expression in rat forebrain (Figs. 4, 5, Table 1). Hybrid-
izations revealed high levels of GIR expression in scattered
hippocampal neurons (Fig. 44), the nucleus of the lateral olfac-
tory tract (Fig. 4 B), and midline thalamic nuclei (nucleus reuniens
of the thalamus, zona incerta) (Fig. 4C). Positive signal was also
observed in the dorsolateral septum and tenia tecta. Significant
hybridization signal was also observed in all regions of neocortex
and in limbic cortical regions, notably including infralimbic, pre-
limbic, and anterior cingulate regions comprising the rodent
prefrontal cortical system (Fig. 4D,E). Significant positive hybrid-
ization was also observed in the olfactory bulbs, posterior divi-
sions of the bed nucleus of the stria terminalis, and the ventro-
medial and ventrobasal complexes of the thalamus. Low levels of
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Figure 3. Expression of GIR in adult rat tissues by Northern blot
analysis. Poly(A)" RNA (2 pg) from various rat tissues was hybridized
with probes specific to rat GIR (fop panel) and B-actin (bottom panel) on
a nylon membrane. The origin of each RNA is shown at the fop, and the
molecular mass of standard markers (in kilobases) is shown on the left.
GIR expression is detected in brain. No detectable hybridization signal is
seen in heart, spleen, lung, liver, skeletal muscle, kidney, and testis. The
blot was stripped and rehybridized with a B-actin probe.

GIR mRNA could be detected in neuroendocrine regulatory
regions of the hypothalamus, including the medial preoptic area,
paraventricular nucleus, supraoptic nucleus, and suprachiasmatic
nucleus. Low but definitely detectable levels of GIR mRNA were
observed in the nucleus accumbens shell (Fig. 5). In no case was
positive hybridization observed in sections hybridized with sense-
strand probes or sections pretreated with RNaseA.

Notably, GIR mRNA expression in the caudate putamen was
confined to widely scattered neurons (Fig. 4F), and expression in
nucleus accumbens was quite weak and limited to the shell region.
This distribution stands in marked contrast to anatomical local-
ization of GIR mRNA in mouse, which showed rich expression
throughout the striatum and nucleus accumbens using the same
rat cRNA probe (Fig. 5, compare 4,B).

Response of rat GIR expression to chronic
amphetamine administration

Because of longstanding neurochemical changes in prefrontal
cortex after repetitive AMPH (Hamamura and Fibiger, 1993) and
abundant GIR expression in this brain region (Fig. 4D,E), we
determined the effect of amphetamine on GIR expression in this
brain region after chronic amphetamine administration. The ex-
pression levels of GIR mRNA in rat prefrontal cortex after
behavioral sensitization to amphetamine were quantitatively de-
termined by competitive RT-PCR. The representative competi-
tive PCR image is shown in Figure 6 4. The GIR mRNA levels
were calculated from the linear regression plot of the ratio plotted
logarthmically against the initial input of competitor DNA, as
shown in Figure 6B. In the experiment with amphetamine ad-
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ministration for 5 d followed by a challenge injection 7 d after
drug ceased, the GIR mRNA levels in prefrontal cortex of AM-
PH-AMPH rats were significantly increased by 1.31-fold com-
pared with SAL-AMPH rats (2.97 = 0.26 vs 2.27 = 0.22 fg/100
ng total RNA; n = 6; p < 0.05) (Fig. 6B). Animal behavior was
also determined following this amphetamine treatment regimen.
In agreement with earlier studies (Segal and Kuczenski, 1994),
amphetamine pretreatment resulted in robust behavioral sensiti-
zation under these conditions, as evidenced by the significant
decrease in locomotion of AMPH-AMPH rats at 12-60 min
after injection during the focused stereotypy phase of AMPH
response (50.20 = 12.63 vs 286.00 *+ 27.57 crossovers/12—60 min;
n = 6; p < 0.0001) and increased locomotion at 60-150 min
during the post-stereotypy locomotion phase of AMPH response
(496.67 = 70.28 vs 312.25 + 29.17 crossovers/60—150 min; n = 6;
P < 0.05) (Fig. 6C).

In a separate experiment with chronic amphetamine exposure
but no challenge injection, the expression levels of GIR were
quantitatively determined by competitive RT-PCR 7 d after an
identical 5 d pretreatment regimen with amphetamine or saline.
A similar upregulation of GIR mRNA was observed 7 d after
amphetamine ceased. The GIR mRNA levels in prefrontal cortex
of AMPH rats were significantly increased by 1.70-fold compared
with SAL rats (3.65 = 0.22 vs 2.15 = 0.33 fg/100 ng total RNA;
n = 6;p < 0.05) (Fig. 6D).

DISCUSSION

We have identified a stress-responsive receptor, GIR, from pre-
frontal cortex of rat brain. The deduced amino acid sequence
suggests that GIR is a member of the G-protein-coupled receptor
superfamily and shares the identity to tachykinin receptors (31—
34%). GIR is expressed preferentially in the brain and has
demonstrated a responsive alteration on gene expression to am-
phetamine treatment. Moreover, the increased levels of GIR
mRNA persist 7 d after withdrawal from chronic amphetamine
administration. Regulation of GIR mRNA expression may rep-
resent a long-lasting effect at the molecular level in neuroadap-
tation to psychostimulants.

The structural analysis of rat GIR, a G-protein-coupled recep-
tor, suggests some important clues to its potential pharmacolog-
ical and physiological functions. The putative protein kinase C
site and protein kinase A sites in the third intracellular loop are
often called the “G-protein-loop” because of their importance in
G-protein coupling (Strader et al., 1994), suggesting that phos-
phorylation may modulate the functional activity of GIR. The
role of putative protein kinase C sites in the C terminus of rat
GIR remains to be studied because similar phosphorylation sites
in the C terminus of B-adrenergic receptor have been shown to
play a pivotal role in regulating receptor desensitization (Bouvier
et al, 1989; Clark et al., 1989). Similar to the B-adrenergic
receptor, a potential disulfide bond linking Cys143 in the first
extracellular loop and Cys223 in the second extracellular loop of
rat GIR may help to maintain the active conformation of the
receptor and is important for ligand receptor interaction (Dohl-
man et al., 1990). The highly conserved Cys362 in the C terminus
of rat GIR may function as a target site for palmitoylation, and
the palmityl group may anchor the cytoplasmic tail of the recep-
tor to the plasma membrane to control the structure of this
receptor (O’Dowd et al., 1989; Strader et al., 1994).

Rat GIR is an orphan receptor, however, it shows close se-
quence identity to the rat substance P receptor (33.7%) with
divergent similarity in different regions. For example, the most
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Figure 4. Expression of GIR mRNA
in the forebrain of the rat (A-F ). 4,
GIR mRNA is expressed in scattered
neurons throughout the hippocampal
formation. B, The highest levels of GIR
mRNA are detected in the nucleus of
the lateral nucleus of the olfactory tract
(NOT). C, Signal is also observed in
several diencephalic nuclei, including
the anteromedial thalamic nucleus and
nucleus reuniens. D, Dense GIR mRNA
expression is observed in scattered cells
of the cerebral cortex, including the me-
dial prefrontal region. E, High-power
photomicrograph of prefrontal cortex
GIR hybridization, illustrating confine-
ment of grains to neuronal nuclei (ar-
rows). F, Localization of GIR mRNA in
caudate putamen; weak labeling is ob-
served in widely scattered cells through-
out the structure. Scale bars: A, B, D, F,
100 pm; C, 200 wm; E, 25 pm.

conserved portions of these two receptors are the transmembrane
domain I (50%), the second intracellular loop (53%), and the
transmembrane domain V1I (70%), and the least conserved is the
third extracellular loop (8%). Although the endogenous ligand
for GIR is unknown, the primary sequence identity between GIR
and substance P receptor in the transmembrane segments (42.4%
overall) suggests that GIR may be a member of the same sub-
family as substance P receptor (Strader et al., 1994). Construction
of a dendrogram supports the notion that GIR may belong to the
peptide receptor subfamily (e.g., substance P receptor), with
more distant relationship to the subfamilies of glycoprotein hor-
mone receptors (e.g., thyrotropin receptor) and biogenic amine
receptors (e.g., dopamine receptor) (Strader et al., 1994). Notably
there is a conserved Asp residue (Asp167 in rat GIR) on the edge
of the transmembrane domain III of GIR, which is seen as well in
substance P, neurokinin B, and neurokinin A receptors. Because
the highly conserved Asp residue in the transmembrane domain
IIT has only been reported for the biogenic amine receptors with
a primary function of interacting with the biogenic amines
(Strader et al., 1987, 1994), the potential role of this region in
determining ligand specificity in the peptide receptor subfamily
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should be investigated. The Asp116 residue, found in the trans-
membrane domain II of rat GIR, is conserved in G-protein-
coupled receptors and appears to be involved in transduction of
the agonist-binding signals to stimulate an interaction with the
appropriate G-protein (Strader et al., 1994).

The dominant expression of GIR occurs in brain, which agrees
with findings for both mouse and human GIR mRNA expression
(Harrigan et al., 1991; Parker et al., 2000). Within brain, GIR
mRNA is expressed neuronally, as demonstrated by in situ hy-
bridization with intense staining localized to nucleus of the lat-
eral olfactory tract, hippocampus, neocortex, and limbic cortical
regions. Of particular interest, very high levels of GIR mRNA
were observed in the nucleus of the lateral olfactory tract, respon-
sible for relay of olfactory information to piriform cortex and
amygdala. High levels of GIR were also observed in the midline
thalamic nuclei and in dorsolateral septum, which have reciprocal
connections with limbic cortex and hippocampus, and in the
hippocampus itself, a critical component of learning and memory
integration (Jakab and Leranth, 1995; Price, 1995; Shipley et al.,
1995). Positive hybridization signal was also observed in limbic
cortical structures, including the infralimbic, prelimbic, and ante-
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Caudate

Figure 5. Expression of GIR mRNA in caudate nucleus and nucleus
accumbens of mouse (A4) and rat (B). The same probe was used for panels
A and B. A, Note extensive GIR mRNA in the caudate putamen (Cau-
date) and nucleus accumbens (NAcc) of the mouse. B, Weak, but positive
hybridization signal is observed in the shell of the nucleus accumbens
(NAcc). No signal is observed in the caudate putamen (Caudate) at this
magnification.

rior cingulate cortices, as well as the limbic (shell) region of the
nucleus accumbens. Together, these data suggest a prominent
role for GIR in limbic circuits regulating memory, stress, and
reward.

Expression of GIR mRNA is also observed in forebrain effec-
tor systems mediating anxiety and neuroendocrine control. The
bed nucleus of the stria terminalis is involved in coordinating
behavioral and neuroendocrine responses to fearful stimuli
(Henke, 1984; Casada and Dafny, 1991; Gray et al., 1993). The
preoptic area, arcuate nucleus, paraventricular nucleus, and su-
praoptic nucleus are involved in neuroendocrine and autonomic
nervous system integration (Swanson, 1987). As such, GIR cir-
cuitry may modulate behavioral and physiological interpretation
of environmental information at the level of both associative and
effector systems.

The expression of GIR mRNA is marked by a pronounced
species difference between mouse and rat (Pesini et al., 1998).
Most notable is the differential distribution of GIR in striatum
and cortex. In mouse, GIR is highly expressed in targets of the
nigrostriatal and mesolimbic dopamine system, including the
neostriatum, nucleus accumbens, and olfactory tubercle. This
finding suggests that in mouse, GIR may play a role in modulation
of dopaminergic neurotransmission. The lack of GIR transcripts
in the nucleus of the lateral olfactory tract, ventral thalamus, and
cortex suggests a less pronounced involvement of this receptor in
aspects of limbic integration in murine species. However, GIR is
highly expressed in hippocampus of both species, allowing for a
similar role of this receptor in modulating hippocampal function.

The persistent upregulation of GIR mRNA found in
amphetamine-sensitized rat brain long after drug discontinuation
is of importance because the regulation of gene expression is
believed to be the molecular basis for stable neuroadaptation to
chronic drug exposure (Nestler, 2000). In contrast to transient
gene alterations, the persistent gene alterations are responsible
for maintenance and expression of behavioral sensitization
(White and Kalivas, 1998). Although extensive efforts have been
made to search for candidate genes for stable neuroadaptation,
only AFosB and NAC-1 have been reported to be persistently
altered in nucleus accumbens after drug discontinuation (Cha et
al., 1997; Kelz et al., 1999; Kelz and Nestler, 2000). In a similar
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Table 1. Distribution of GIR mRNA in rat telencephalon and
diencephalon

Labeling
Region intensity Comments
Telencephalon:
Neocortex ++ Scattered cells
Limbic cortex
Infralimbic ++ Scattered cells
Cingulate ++ Scattered cells
Prelimbic ++ Scattered cells
Olfactory system
Piriform cortex ++
Nucleus of the lateral olfactory tract +++
Olfactory bulb +++
Hippocampus
CAl ++/+++  Scattered cells
CA3 ++/+++  Scattered cells
Dentate gyrus ++/+++  Scattered cells
Septum
Dorsolateral septal n. ++
Tenia tecta +++
Striatum
Caudate putamen +/-
Nucleus accumbens core -
Nucleus accumbens shell +
Diencephalon
Zona incerta +++
Thalamus
Nucleus reuniens ++
Anteromedial n. +++
Anterodorsal n. ++
Ventrolateral n. +
Ventromedial n. +
Hypothalamus
Medial preoptic area +
Paraventricular n., magnocellular div. +
Paraventricular n., parvocellular div. +
Arcuate n. +

—, No expression evident; +/—, weak expression in widely scattered cells; +, low
expression (<10 grains per cell above background or diffuse hybridization signal
over the entire structure); ++, intermediate expression (10-25 grains per cell or
intermediate hybridization signal across the region); +++, high expression (>25
grains per cell or intense hybridization over the entire structure). Scattered cells
indicate that the observed hybridization signal was seen in scattered neurons
throughout the structure, rather than being restricted to pyramidal or granule cell
layers (suggestive of interneurons).

manner, GIR mRNA is also increased after chronic exposure to
amphetamine. Importantly, once induced, this increased GIR
mRNA expression persists in brain for at least 7 d after amphet-
amine withdrawal. The sustained GIR mRNA upregulation is
correlated with behavioral sensitization, as observed by increased
locomotor activity and augmented stereotyped motion. Because
prefrontal cortex is known to be critical in the induction of
behavioral sensitization leading to increased locomotor activity
(Wolf et al., 1995; Kalivas and Nakamura, 1999), a persistent
modulation of GIR expression may be involved in the stable
neuroadaptation to drugs of abuse.

One possible mechanism for amphetamine-induced GIR
mRNA upregulation could be the transcriptional regulation in-
volving nuclear transcription factors or steroid hormones. Behav-
ioral sensitization to amphetamine is accompanied by an en-
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Figure 6. Effects of amphetamine on rat GIR expression in 6 4001 T P <0.0001
prefrontal cortex quantitatively determined by competitive PCR £ 300
analysis and on locomotion activities measured by cumulative AMPH-AMPH = 2001
numbers of crossovers. A, Representative competitive PCR image. = 100-
B, GIR mRNA levels calculated from linear regression plot of the =
ratio plotted logarithmically against initial amount of input com- 5 "12-60 min 60-150 min
petitor DNA. Values are expressed as mean = SEM (n = 6). SEs
are represented by bars. Z denotes SAL-AMPH rats. B denotes D
AMPH-AMPH rats. C, Cumulative numbers of crossovers mea-
sured during the 12-60 min and the 60-150 min periods after O SAL
challenge injection. Values are expressed as mean = SEM (n = 6). ] EAMPH
SEs are represented by bars. & denotes SAL-AMPH rats. B | *P <0.05

denotes AMPH-AMPH rats. D, Bar graph represents the in-
creased levels of GIR mRNA in prefrontal cortex after withdrawal
from chronic amphetamine exposure in a separate experiment
without amphetamine challenge. Values are expressed as mean =
SEM (n = 6). SEs are represented by bars. [] denotes SAL rats. B
denotes AMPH rats.

hanced CREB phosphorylation, alterations in the expression of
transcription factors, particularly AFosB, and the activation of the
hypothalamic—pituitary—adrenal axis (Hope et al., 1994; Turgeon
et al., 1997; Koob, 1999; Nestler, 2000). Preliminary observations
in rat amygdalar neuronal cells have shown an upregulation of
GIR mRNA induced by dexamethasone or forskolin ( D. Wang
and F. Sallee, unpublished results), in agreement with similar
observations in mouse T lymphocytes (Harrigan et al., 1989).
These findings support the hypothesis that glucocorticoid and
cAMP are involved in the regulation of GIR gene expression.
Further promoter analysis of the GIR gene expression may ex-
plain how the GIR gene could be regulated by cAMP, AFosB-
containing AP-1 complex, or steroid hormones.

In separate experiments, the amphetamine withdrawal group
(AMPH) (Fig. 6D) and amphetamine challenge group
(AMPH—AMPH) (Fig. 6B) had qualitatively similar increases
in GIR mRNA expression that were not quantitatively equivalent
(3.65 = 0.22 vs 2.97 £ 0.26 fg/100 ng total RNA, respectively).
Interanimal variability in male Sprague Dawley rats in response
to repetitive AMPH has been previously described (Segal et al.,
1987) and may account for the observed differences. Alterna-
tively, the observation that the amphetamine withdrawal group
(AMPH) and amphetamine challenge group (AMPH-AMPH)
were not equivalent in GIR mRNA upregulation might reflect
differential regulation of transcription factors in response to acute
versus chronic psychostimulant administration. This phenomenon
has been previously reported, whereby chronic cocaine exposure
resulted in desensitization of immediate early genes induced by a
subsequent cocaine challenge (Hope et al., 1992, 1998; Graybiel
et al., 1995; Nye et al., 1995). This observation suggests that there
might be specific transcription factors controlling GIR gene ex-
pression in response to acute versus chronic amphetamine admin-
istration. Further investigation needs to be performed to better

o
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elicit the molecular mechanisms surrounding the potential roles
of GIR in adaptation to psychostimulants.
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