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Abstract

Previous reports have shown that catecholamine regulated proteins (CRP) are central nervous system specific and covalently bind to
catecholamines. In the present study, we report the subcellular localization and differential modulation of a 40-kDa catecholamine
regulated protein (CRP40) by dopamine D1 and D2 receptor antagonists. CRP40 was found to be localized with nuclear and
synaptosomal /mitochondrial and fractions. Chronic treatment with dopamine D2 receptor antagonist haloperidol in rats significantly
increased the levels of CRP40 in the striatum, whereas, chronic R(+ )-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-
benzazepine (SCH 23390) dopamine D1 receptor antagonist administration significantly decreased striatal CRP40 levels. Moreover, acute
haloperidol treatment did not alter the levels of CRP40 in any of the brain regions. Despite a sequence homology with the heat shock
protein 70 (HSP70), levels of HSP70 remained unchanged after either drug treatment, suggesting a distinct function of CRP40 than
HSP70. These results further suggest that CRP40 play an important role in dopaminergic neurona function and the dopamine D1

receptor-mediated signaling pathway may be involved in the regulation of CRP40. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Catecholamines reversibly bind to specific receptor pro-
teins present on the surface of target cells. The covalent
incorporation of catechols into proteins has also been
recognized for some time as a reaction in which many
catechols and catecholamines participate (Saner and Thoe-
nen, 1971; Maguire et a., 1974; Scheulen et a., 1975;
Rotman et al., 1976; Kato et a., 1986). The oxidation of
dopamine ultimately forms reactive oxygen species which
lead to cellular oxidative stress and damage a variety of
critical biological molecules (Cohen 1983; Cadet and Lohr,
1989; Cadet and Brannock, 1998; Olanow 1993; Hattori et

* Corresponding author. Tel.: + 1905-525-9140 ext. 22396; fax: +1-
905-522-8804.
E-mail addresses: venugnOl@doc.mssm.edu (V.D. Nair),
mishrar@mcmeaster.ca (R.K. Mishra).
! Present address: Department of Neurology, P.O. Box 1137, Mount
Sinai School of Medicine, One Gustav L Levy Place, New York, NY,
10029, USA.

0014-2999,/01/$ - see front matter © 2001 Published by Elsevier Science B.V.

Pll: S0014-2999(01)00736-1

al., 1998; Naoi and Maruyama, 1999; Jones et a., 2000;
Stokes et al., 2000).

Oxidative stress secondary to dopamine metabolism has
been proposed as a pathogenic factor in the devel opment
of neurodegenerative disorders (Cohen, 1983; Ebadi et 4.,
1996). It is unlikely that dopamine oxidation is the primary
pathology of neurodegenerative illnesses, rather, it may be
part of a sequence of events that occur during cell death
(Jenner, 1998). There has been cumulative evidence show-
ing that aberrations in second messenger responses may be
involved in the development of neurological disorders
(Treisman et al., 1986; Fici et al., 1997). It has been shown
that dopamine D1 receptors mediate the stimulation of
adenylyl cyclase whereas dopamine D2 receptors are asso-
ciated with inhibition of adenylyl cyclase (Spano et al.,
1978; Kebabian and Cane, 1979) dopamine D1 and D2
receptor blockade by R(+ )-7-chloro-8-hydroxy-3-methyl-
1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine (SCH
23390) and haloperidol, respectively, have been shown to
induce differential changes in neuronal second messenger
status in the rat striatum (Memo et al., 1987a; Treisman et
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al., 1986; Onali et al., 1985; Rogoz and Dziedzicka-Wasy-
lewska, 1996; Fici et al., 1997).

We have previously reported a unique class of cate-
cholamine regulated proteins (CRPs) which covalently bind
to dopamine and structurally related catecholamines (Ross
et al., 1993, 1995). Dopamine agonists have been shown to
modulate in vivo levels of CRPs in rats (Modi et al.,
1996). Recent cloning and characterization of the 40 kDa
CRP (CRP40) shows that it has sequence homology with a
consensus motif of 70 kDa heat shock protein (HSP70)
and may be a mammalian cognate of heat shock proteins.
(Nair and Mishra, 1999, 2001).

In order to further understand the role of CRP40 in
dopaminergic function, we investigated whether dopamine
D1 and D2 receptor antagonists have identical or dissimi-
lar effects on CRP40 since they reciprocally modulate
CAMP levels (Kebabian and Calne, 1979; Kebabian et al.,
1972; Stoof and Kebabian, 1981) and adenylyl cyclase
activity (Onali et al., 1985). In order to specify CRP40's
localization in neuronal cells, the levels of these proteins
were measured in subcellular fractions. Studies with B-
adrenoceptor antagonist propranolol were also carried out
to determine whether CRP40 is specific to dopaminergic
agents. Furthermore, since CRP40 shares sequence homol-
ogy with HSP70, parallel studies with HSP70 were per-
formed in order to differentiate these proteins.

2. Materials and methods

2.1. Animals and materials

Male Sprague—Dawley rats (250-300 g) were obtained
from Charles River Canada (St. Constant, QC, Canada).
Animals were housed in pairs a the McMaster University
Central Animal Facility and kept at constant temperature
(22°C) and humidity (50%), under a 12-h lights on/off
schedule. The rats were handled for 1 week prior to
treatment and had free access to food and water throughout
the course of experiments. Body weights of the rats were
monitored daily and al animal procedures were carried out
according to the guidelines approved by the Canadian
Council for Animal Care.

Haloperidol was purchased from Sigma (St. Louis, MO,
USA). SCH 23390 and propranolol were obtained from
Research Biochemicals International (Natik, MA).

2.2. Drug treatment

For dopamine D2 receptor studies, control groups re-
ceived vehicle and experimental groups received haloperi-
dol (2 mg/kg, i.p.). Group A (n=6) received vehicle.
Group B (n=6) received haloperidol daily for 14 days.
Group C (n=6) received haloperidol once daily for 2

days. And Group D (n=6) received a single dose of
haloperidol. For dopamine D1 receptor studies, Group A
(n=6) received vehicle whereas Group B received SCH
23390 (0.5 mg/kg, i.p.) once daily for 14 days. For
B-adrenoceptor studies, Group A (n = 6) received vehicle
and Group B (n = 6) received propranolol (5 mg/kg, i.p.)
once daily for 14 days. Haloperidol was dissolved in acetic
acid and the pH adjusted to 7.4. Further dilution was made
in norma saline. SCH 23390 and propranolol were dis-
solved in normal saline.

At the end of the last drug treatment, each rat was
allowed a 24-h washout period except those of Group D
receiving haloperidol (decapitated 2 h post-injection). Af-
ter decapitation, the striatum, frontal cortex and medulla
were dissected out and stored a —70°C until further
processed for western blotting.

2.3. Sodium dodecylsulfate polyacryl amide gel elec-
trophoresis (SDS-PAGE) and western blotting

Rat striatum, frontal cortex and medulla were weighed
and homogenized in Tris buffer (50 mM Tris, 1 mM
EDTA, pH 7.4). Protein concentration was determined
according to the method of Bradford (1976). Ten micro-
grams of protein was mixed with sample buffer (0.625 M
Tris, 2% SDS, 10% glycerol, 0.05% B-mercaptoethanal,
0.01% bromophenal blue, pH 6.8) and heated in boiling
water for 4 min. The proteins were separated by SDS-
PAGE (12% acrylamide) (Laemmli, 1970) using running
buffer (0.025 M Tris, pH 8.3, 0.2 M glycine, 0.1% SDS) at
100 V for 2 h. Separated proteins were transferred elec-
trophoretically onto nitrocellulose for 1.5 h at 30 V and
subsequently blocked in 5% skim milk /TBS-T (0.05 M
Tris, 0.15 M NaCl, 0.2% Tween-20, pH 8.5) for 1 h at
room temperature. The nitrocellulose membrane was incu-
bated with rabbit anti-CRP40 antibody (1:10,000 dilution)
overnight at 4°C then washed three times with TBST
buffer. Incubation with secondary antibody (HRP-con-
jugated donkey anti-rabbit antibodies, 1:5000 dilution) pro-
ceeded for 1 h at room temperature after which blots were
developed by chemiluminescence method and exposed to
Kodak X-OMAT film. Levels of CRP40 were quantified
using a computerized image analysis system (Northern
Exposure, Empix Imaging).

2.4. Isolation of subcellular fractions from the striatum

Rat striata were used to prepare subcellular fractions by
differential centrifugation. Rat striatal tissue was homoge-
nized in 10 volumes of chilled buffer A (0.25 M sucrose,
50 mM Tris, 1 mM EDTA, pH 7.4) and centrifuged at
1000 x g for 10 min at 4°C producing supernatant S1. S1
was further centrifuged at 35,000 X g for 30 min, produc-
ing S2 and precipitate P2. The former step was repeated
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for the P2 fraction producing P3 (synaptosome/
mitochondria). S2 was further subjected to centrifugation
at 50,000 X g for 2 h, producing $4 (cytoplasm) and P4
(ribosomes and large macromolecules). The purity of vari-
ous subcellular fractions were previously established using
specific marker enzymes (NADPH-cytochrome C reduc-
tase for rough and smooth endoplasmic reticulum, succi-
nate dehydrogenase and glutamate dehydrogenase for mi-
tochondria) (Mishra and Feltham, 1973). CRP40 content
was determined in each subcellular fraction by western
immunobl otting.

2.5. Isolation of nuclei from the striatum

Nuclei were isolated from rat striatum by sucrose den-
sity centrifugation. Tissues were weighed and homoge-
nized in five volumes of chilled buffer B (0.32 M sucrose,
50 mM Tris, 3 mM CaCl,, pH 7.2) followed by centrifu-
gation at 1000 X g for 10 min. The pellet was resuspended
in five volumes of chilled buffer B and centrifuged at
1000 x g for 10 min. The pellet was resuspended in five
volumes of chilled buffer C (2.4 M sucrose, 50 mM Tris, 3
mM CaCl ,, pH 7.2) and centrifuged at 50,000 X g for 1 h.
The floating stop plug (containing whole cells, erythro-
cytes, mitochondria) was removed. The pellet of nuclei
was suspended in 500 wl of buffer A. The purity of the
nuclear fraction was determined using the phase contrast
microscope (Mishra and Feltham, 1973). CRP40 content in
the nuclear fraction was determined by western immuno-
blotting.

2.6. Satigtical analysis

Data are presented as mean S.E.M. (Standard Error of
the Mean). Statistical analysis was performed using a
one-way analysis of variance (ANOVA) followed by
Tukey's post hoc comparison test.

3. Results

3.1. Dopamine D2 receptor antagonist haloperidol in-
creases CRP40 levels in the striatum but not in frontal
cortex and medulla

In order to study the effects of acute and chronic
dopamine D2 receptor antagonist treatment on CRP40,
animals were treated with haloperidol and the levels of
CRPA40 in striatum; frontal cortex and medulla were mea-
sured by western immunoblotting. The results of acute and
chronic treatment with haloperidol in the rat striatum are
shown in Fig. 1A and B. Acute treatments (2 h, 2 days)
had no effect on CRP40 levels in any of the brain regions
examined. However, prolonged exposure to haloperidol
(14 days) significantly (P < 0.01) increased CRP40 in the
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Fig. 1. (A) Effects of acute (2 h, 2 days) and chronic (14 days)
haloperidol (H) treatment (2 mg/kg, i.p.) on CRP40 levels in the rat
striatum. Bars represent the percentage of control (C) (untreated) values.
Data are presented as mean SE.MM. (n=6). A oneway ANOVA was
performed followed by Tukey's post hoc comparison test. Statistical
significance expressed as. “P < 0.01. (B) Representative immunoblot
shows the effects of the above treatments.

striatum (26.3 + 5.0%). There were no effects of these
acute and chronic treatments of haloperidol on CRP40
levels in rat frontal cortex and medulla (Fig. 2A) suggest-
ing CRP40's specificity for Dopamine rich regions.

3.2. Dopamine D1 receptor antagonist SCH 23390 de-
creases CRP40 levels in the striatum but not in frontal
cortex and medulla

Results of chronic treatment with D1 receptor antago-
nist SCH 23390 are shown in Fig. 2B. These results show
that SCH 23390 had the opposite effect than haloperidol in
the striatum. There was a significant (P < 0.01) decrease
in CRP40 levels (— 32.8 + 9.6%) in this region. However,
frontal cortex and medulla showed no change in CRP40
levels after chronic SCH 23390 treatment. The summary of
the differential effects of chronic dopamine D1 and D2
receptor antagonists on CRP40 levels in different rat brain
regions is shown in Fig. 2C.

3.3. Secificity of CRP40 for the dopaminergic agents

In order to establish the specificity of CRP40 for the
dopaminergic system, the effects of the B-adrenoceptor
antagonist propranolol on CRP40 levels were examined.
Fig. 2D and E show that there was no effect of chronic (14
days) propranolol treatment on CRP40 levels in the stria-
tum suggesting the specificity of dopaminergic agents on
this protein.
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Fig. 2. Representative immunoblot showing the effects of chronic (14
days) (A) haloperidol (H) (2 mg/kg, i.p.) and vehicle (C) and (B) SCH
23390 (S) (0.5 mg/kg, i.p.) treatment on CRP40 levels in different rat
brain regions. Summary (C) of the effects of chronic treatment with
haloperidol and SCH 23390 on CRP40 levels in different rat brain
regions. Bars represent the percentage of control (untreated) vaues. Data
are presented as mean SE.M. (n=6). A oneway ANOVA was per-
formed followed by Tukey's post hoc comparison test. Statistical signifi-
cance expressed as. P < 0.01. Bar graph (D) and corresponding im-
munoblot (E) displaying effect of chronic (14 days) propranolol (P)
treatment (5 mg/kg, i.p.) on CRP40 levels in rat striatum. Str, striatum;
Fr. Ctx, frontal cortex; Med, medulla.

3.4. Dopamine D1 receptor and dopamine D2 receptor
antagonist do not affect HSP70 levels

Since CRP40 shares a sequence homology with HSP70,
(Nair and Mishra 2001) effects of haloperidol and SCH
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Fig. 3. (A) Effect of chronic treatment with haloperidol (H) (2 mg/kg,
i.p) and SCH 23390 (S) (0.5 mg/kg, i.p.) on HSC70 and HSP70 levelsin
rat striatum. Bars represent the percentage of control (C) (untreated)
vaues. Data are presented as mean SE.M. (n=6). A oneway ANOVA
was performed followed by Tukey's post hoc comparison test. No
significance was observed. (B) Representative immunoblot showing the
effect of chronic treatment on HSP70 levels in rat striatum.

23390 on HSP70 levels were also examined. The results of
chronic haloperidol and SCH 23390 treatment on the
constitutive (HSC70) and inducible (HSP70) forms of
HSP70 are displayed in Fig. 3A and B. There was no
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Fig. 4. Bar graph (A) and representative immunoblot (B) showing the
subcellular localization of CRP40 in the rat striatum. Data are presented
as mean optical density + S.E.M. (n=6). Lane: I, nuclei; II, cytoplasm;
111, synaptosomal /mitochondrial membranes; 1V, endoplasmic reticu-
lum/golgi complex/plasma membrane. Statistical analysis was per-
formed using a one-way ANOVA followed by Tukey's post hoc compari-
son test. Nuclel and synaptosomal /mitochondrial fractions contain higher
levels of CRP40 compared to the cytoplasm (* P < 0.001) and endoplas-
mic reticulum/golgi complex /plasma membrane fraction (*P < 0.01).
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significant change observed on HSP70 levels suggesting
that these proteins are not modulated by dopamine receptor
antagonists in the rat brain in a similar fashion as CRP40
under the experimental conditions employed in this study.

3.5. CRP40 is a nuclear and synaptosomal mitochondrial-
associated protein

In order to determine the subcellular localization of
CRP40, differential centrifugation of striatal rat tissue
followed by immunoblotting was performed. Four subcel-
lular regions were isolated (synaptosomes,/mitochondria,
nuclei, cytoplasm, smooth and rough endoplasmic reticu-
lum) and CRP40 levels were measured by immunodetec-
tion in each of the subcellular regions. CRP40 was found
to be present in high concentrations in the nuclel and
synaptosomes,/mitochondria (Fig. 4). Very low levels of
CRP40 were detected in the cytoplasm and smooth /rough
endoplasmic reticulum.

4. Discussion

We have previously demonstrated that central nervous
system specific CRP40 binds to dopamine and other re-
lated catecholamines and is modulated by various
dopaminergic agents (Ross et a., 1993, 1995; Modi et al.,
1996). The objective of the current study was to examine
the in vivo effects of dopamine D1 and D2 receptor
antagonists, SCH 23390 and haloperidol, respectively, on
the levels of CRP40. Studies with propranolol were also
performed to establish the specificity of CRP40 for the
dopaminergic system. Subcellular fractionation studies
were performed in order to further specify CRP40's local-
ization in neuronal cells. Furthermore, since CRP40 con-
tains a consensus motif of HSP70 (Nair and Mishra, 2001),
the effects of these drugs on HSP70 levels were aso
examined in order to differentiate the functional aspect of
these proteins.

The present study demonstrated that chronic (14 days)
treatment with the selective dopamine D2 receptor antago-
nist, haloperidol, induced up-regulation of CRP40 in the
rat striatum. Conversdly, this protein was significantly
reduced in the striatum following treatment for 14 days
with the dopamine D1 receptor antagonist, SCH 23390.
The above effect is specific to the striatum since these
drugs failed to alter any changes in CRP40 levelsin frontal
cortex and medulla. Acute treatments (2 h and 2 days) with
the D2 antagonist had no effect on CRP40 levels in any of
the brain regions examined. Chronic (14 days) treatment
with B-adrenoceptor antagonist propranolol did not alter
CRP40 levels in the striatum suggesting that CRP40 is
specific for the dopaminergic system. Furthermore, HSP70
levels also remained unchanged upon treatment with
dopamine D1 and D2 receptor antagonists in the rat stria-
tum.

Up-regulation and down-regulation of striatal CRP40
may well be related to dopamine D2 and D1 receptor
blockade, respectively. There is evidence that a substantial
number of striatal neurons co-express both the dopamine
D1 and D2 receptor subtypes (Lester et al., 1993). In fact,
Surmeier et a. (1996) and Aizman et al. (2000) have
shown that functional dopamine D1 and D2 class receptors
are co-localized in more than half of all medium spiny
neurons present in the striatum. Therefore, dopamine D1—
D2 receptor interactions may occur at the level of single
postsynaptic neurons (Shetreat et al., 1996; Aizman et al.,
2000) and they may function together to mediate the
effects of dopamine (Lester et al., 1993). Since dopamine
D1 and D2 receptor antagonists had opposite effects on
CRP40 levels, it is possible that CRP40 modulation re-
quires functiona interaction of both dopamine D1 and D2
dopamine receptors.

Dopamine D2 receptor blockade by haloperidol stimu-
lates dopamine D1 receptors by augmenting the in vivo
release of dopamine and increasing the availability of
endogenous dopamine at D1 receptors in the rat striatum
(Saller and Salama, 1986; Altar et a., 1988). Previous
studies have also shown that chronic haloperidol produces
enhancement of both D1 receptor mediated stimulation of
adenylyl cyclase activity and dopamine mediated inhibi-
tion of D2 receptor adenylyl cyclase activity (Memo et al.,
1987a). Although the levels of adenylyl cyclase and den-
sity of dopamine D1 receptors remain unchanged after
chronic haloperidol treatment (Wan et d., 1996), thereis a
fivefold increase in adenylyl cyclase sensitivity after 14
days haloperidol treatment (Treisman et al., 1986). Since
dopamine D2 receptors are linked in an inhibitory manner
to adenylyl cyclase (Stoof and Kebabian, 1984), it may be
presumed that the enhancement of CAMP activity is due to
dopamine D1 receptor aterations (See and Chapman 1994).
The stimulation of dopamine D1 receptors and subsequent
increase in cAMP levels following chronic neuroleptic
treatment may be one of the mechanisms whereby chronic
dopamine D2 receptor antagonism with haloperidol up-reg-
ulates CRP40 levels in the striatum. Although acute injec-
tions of haloperidol have also shown to increase CAMP
production in the rat striatum (Kaneko et d., 1992), CRP40
levels remained unchanged perhaps due to the time lag
needed for CRP40 expression and synthesis. Nevertheless,
findings reported in this manuscript suggest that there may
be a positive correlation between CRP40 levels and adeny-
lol cyclase activity in dopaminergic neurons in the stria-
tum. Thisincrease in dopamine D1 receptor activity, CAMP
levels and CRP40 might suggest the possible involvement
of the dopamine D1 receptor signalling pathway in CRP40
regulation. There is, however, a possibility that CRP40
may recrulit its own signalling pathway, which may or may
not be coupled with dopamine receptors.

Failure of dopamine D1 and D2 receptor antagonists to
modulate CRP40 levelsin therat frontal cortex and medulla
may be due to an absence of functional modification of
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dopamine receptors in these areas after chronic treatment
with antagonists. It has been shown that chronic blockade
of either dopamine D1 or dopamine D2 receptors does not
affect adenylyl activity and cAMP levels in rat frontal
cortex (Memo et al., 1987b). In addition, chronic treatment
with neuroleptic drugs results in tolerance to the ability of
neuroleptics to increase dopamine turnover in the striatum
but not in frontal cortex (Lerner et a., 1977; Scatton et al.,
1976). This lack of tolerance may be related to the lack of
changes in receptor function. Therefore, the absence of
functional receptor modification and tolerance in the frontal
cortex and medulla may be related with the lack of changes
in CRP40 levels following haloperidol in these regions.
Failure for chronic propranolol treatment to alter CRP40
levels in the striatum further establishes the specificity of
CRPA40 for the dopaminergic system.

Although the CRP40 cDNA contains a domain that has
sequence homology with a consensus motif of HSP70
(Nair and Mishra, 2001), the levels of congtitutive and
inducible HSPs were unaffected by both dopamine D1 and
D2 receptor antagonists. Nair and Mishra (1999, 2000)
have shown that elevated temperatures increased HSP70
expression, however, incubation of primary neuronal cul-
tures with haloperidol had no affect on the levels of these
proteins. Other studies have shown a correlation between
CAMP levels and HSPs in a variety of cell types. For
example, Pizurki and Polla(1994) demonstrated that CAMP
has a direct enhancing effect on the expression of HSPs,
however in myeloid cells, CAMP increasing agents de-
creased the basal level of HSP70 (Vilaboa et al., 1995). In
line with these observations, it is possible that dopaminer-
gic-regulated cAMP levels may be involved in CRP40
up-regulation.

In conclusion, the results reported here suggest that
CRPA40 is specifically increased in response to blockade of
dopamine D2 receptors by haloperidol in the striatum of
rat brain. Furthermore, the dopamine D1 receptor linked
signalling pathway may be involved in CRP40 regulation.
Although CRP40 has some homology with HSP70, its
regulation by dopaminergic agents, membrane localization,
central nervous system specificity and lack of cross-reac-
tivity with HSP antibodies suggest that CRP40 may have a
different function than that ascribed to HSPs and may play
an important role in dopaminergic function in the central
nervous system.
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