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Abstract

Repeated treatment with the antipsychotic drug, haloperidol, leads to an increased behavioral sensitivity to dopamine agonists
“exhibited upon withdrawal from the drug. An increase in the particulate content of the endogenous Ca®*-binding protein,
calmodulin, has been demonstrated after repeated treatment of rats with haloperidol. In this study, the anatomical specificity of
the effect of repeated haloperidol treatment on the content and subcellular localization of calmodulin was investigated.
Responsivity of calmodulin localization to dopaminergic input following drug treatment was assessed by determining the
subcellular localization of calmodulin following an in vivo amphetamine challenge before sacrifice. Male, Sprague—Dawley rats
were treated with 0.5 mg/kg haloperidol (s.c.) for 3 weeks and withdrawn from the drug for 4 days. Repeated haloperidol
increased calmodulin content only in the striatum but altered the subcellular distribution of calmodulin in rat limbic forebrain
and frontal cortex. In the latter areas, the soluble calmodulin was increased while the particulate calmodulin was decreased.
There was no change in calmodulin in either hippocampus or cerebellum in response to drug treatment. Challenge with the
dopamine mimetic, amphetamine, before sacrifice was effective in redistributing calmodulin only in striatum from rats that had
been treated repeatedly with haloperidol, demonstrating an increased sensitivity of the translocation process. In order to
determine whether a change in a calmodulin-binding protein would accompany the drug-induced increase in calmodulin, striatal
calmodulin-binding proteins were examined using a biotinylated calmodulin overlay technique. Repeated haloperidol treatment
enhanced calmodulin binding to a 150 kDa protein in striatal membranes. The 150 kDa protein exhibited the same gel mobility
and subcellular distribution as myosin light chain kinase immunoreactivity. There was an increase in myosin light chain kinase
immunoreactivity in striatal membranes after repeated haloperidol that was apparent in animals withdrawn either 4 or 10 days
from haloperidol treatment. Therefore, repeated haloperidol could increase the rat striatal content of calmodulin and potentially
that of the calmodulin-binding protein, myosin light chain kinase. Increases in striatal calmodulin and myosin light chain kinase
may signal a greatly enhanced sensitivity of actin—myosin interactions after repeated haloperidol that could contribute to
haloperidol-induced neurochemical or morphological changes involved in drug-induced synaptic plasticity.

Keywords: Calmodulin; Myosin light chain kinase; Biotinylated calmodulin; Translocation; Basal ganglia; Supersensitivity;
Amphetamine; Antipsychotic drug

1. Introduction Increased numbers or sensitivity of both pre- and post-
synaptic dopamine receptors in rat striatum and limbic

Repeated treatment with antipsychotic drugs leads forebrain may contribute to the behavioral supersensi-
to an increased behavioral sensitivity to dopamine ago- tivity [7,47,55], but other expressions of synaptic plastic-
nists and dopamine mimetic drugs exhibited upon with- ity undoubtedly contribute to the response. For exam-
drawal from the drug [52] and a time-dependent sensi- ple, repeated treatment with the dopamine antagonist,
tization to antipsychotic drug-induced behaviors [1]. haloperidol, results in alterations in the ultrastructure

of striatal and frontal cortical neurons that suggest

increased number of synapses, possible sprouting of

presynaptic neurons and induced postsynaptic changes
* Corresponding author. [4,24-26].
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We and others have previously reported an increase
in the endogenous Ca’*-binding protein, calmodulin
(CaM), in striatum from rats treated with repeated
haloperidol and other antipsychotic drugs [15,18,29,42].
CaM is a ubiquitous, multifunctional Ca?*-binding pro-
tein that acts as a Ca’*-dependent regulator of cyclic
nucleotide metabolism, Ca®*-transport, protein phos-
phorylation-dephosphorylation cascades, ion transport,
cytoskeletal function and cell proliferation [32,34]. The
haloperidol-induced increase in striatal particulate
CaM developed after withdrawal from the drug in a
time dependent manner that correlated with the devel-
opment and expression of apomorphine-induced ster-
eotyped behavior [15]. The function of the drug-in-
duced increase in CaM has yet to be elucidated but
drug-induced changes in CaM activation of some target
enzymes have been reported. Enhanced CaM-depend-
ent phosphorylation in rat striatal membranes [28] and
an increased sensitivity of striatal adenylyl cyclase to
dopamine, GTP [15,23,36,48,53] and CaM [53] have
been reported as a consequence of repeated haloperi-
dol. CaM has been shown to synergistically increase
the sensitivity of striatal adenylyl cyclase to dopamine
and GTP [13,19,38]. The function of CaM can also be
implied by its cellular or subcellular localization and
selective changes in CaM binding proteins. CaM local-
ization in rat striatum is responsive to dopaminergic
activity. Both dopamine, acting through D-1 receptors,
and amphetamine (AMPH) have been shown to elicit a
redistribution of striatal CaM from membranes to cy-
tosol in studies involving striatal membranes, slices or
treatment of whole animals [16,35,41,46]. Translocation
of CaM could lead to selective activation or deactiva-
tion of specific CaM-dependent target proteins, de-
pending upon their location, and increased sensitivity
of Ca’* /CaM-dependent responses.

In this study, we investigated the anatomical speci-
ficity in rat brain of the haloperidol-induced increase
in CaM and the subcellular localization of CaM follow-
ing an in vivo amphetamine challenge. In order to
determine whether a change in a CaM-binding protein
would accompany the drug-induced increase in CaM,
striatal CaM-binding proteins were examined using
biotinylated CaM overlay technique. Our results
demonstrated that repeated haloperidol increased CaM
content primarily in the striatum but altered the sub-
cellular distribution of CaM in rat limbic forebrain and
frontal cortex. Challenge with AMPH before sacrifice
was effective in redistributing CaM only in striatum
from rats that had been treated repeatedly with
haloperidol, demonstrating an increased sensitivity of
the translocating process. In addition to increasing
CaM content in striatum, repeated haloperidol treat-
ment enhanced CaM binding to a 150 kDa protein in
striatal membranes which correlated with increased
myosin light chain kinase (MLCK) immunoreactivity.

2. Materials and methods
2.1. Chronic treatment paradigm

Male, Sprague—-Dawley rats (Holtzman Inc., Madison WI), 200 g,
were injected i.p. with haloperidol (HAL) (0.5 mg /kg s.c.) or vehicle
(VEH) daily for 21 days. Vehicle consisted of 2% methanol and 0.8
M acetic acid, pH 7.0. Four days or, in one experiment, 10 days after
the last dose of drug, rats received an injection of either saline (SAL)
or AMPH (1 mg/kg i.p.) 30 min before sacrifice such that 4 groups
were formed: VEH-SAL, VEH-AMPH, HAL-SAL, HAL-AMPH.
All animals were sacrificed on the same day and the brain areas were
dissected on ice, weighed and the tissue frozen in liquid N,. Brain
areas were dissected using a brain cutting block as described by
Heffner et al [20]. The limbic forebrain area contains both nucleus
accumbens and olfactory tubercle. Medial prefrontal cortex was
dissected, which was shown to have the highest concentration of DA
{20].

2.2. Measurement of CaM content

Tissue was prepared for measurement of CaM by homogeniza-
tion in 40 mM Tris, pH 7.4 at 4°C, containing 0.32 M sucrose, 3 mM
MgCl,, 1 mM leupeptin, I mM pepstatin and 1 mM phenylmethyl-
sulfonyl fluoride. Particulate (membrane) and cytosolic fractions
were prepared by centrifugation at 100,000X g for 60 min. The
particulate fraction was resuspended in 40 mM Tris, pH 7.4 and
solubilized with 1% Lubrol PX. CaM levels were measured by
radioimmunoassay (RIA) using CaM antiserum developed in sheep
as described [44]. Cytosol samples were heated for 6 min and
particulate fractions were heated for 12 min before assay. Samples
from the 4 treatment groups were always analyzed simultaneously to
avoid interassay variability. Statistical significance was determined by
one way analysis of variance (ANOVA) with post-analysis Bonferroni
t-test calculated using GraphPad Instat and by a two-tail Student’s
t-test.

2.3. Biotinylated-CaM blotting

Pure bovine testes CaM in 0.1 M phosphate buffer, pH 7.4, with 1
mM CaCl, was mixed in a 1: 10 molar ratio with NHS-LC-biotin in a
glass tube for 2 h at 4°C. The sample was resuspended to 2 mg/ml,
and the protein concentration was determined by A280. Incorpora-
tion of biotin was estimated to be 2 mol of biotin/mol of CaM.
Biotinylated CaM (BioCaM) overlays were performed according to
Billingsley et al. [5]. Incubation with 100 ug of BioCaM /5 ml of
BioCaM buffer was for 1-2 b at room temperature. The blots were
washed 3 X 5 min with BioCaM buffer, and detection of BioCaM was
with avidin-alkaline phosphatase. The blot was incubated for | h at
22°C with the labeled avidin, washed extensively with BioCaM buffer
and developed using Nitro blue tetrazolium and 5-bromo-4-chloro-3-
indoyl phosphate as substrates. Results were analyzed by scanning
the films with a Hoefer GS365W scanning densitometer. The total
peak areas were quantified by Gaussian integration using the Hoefer
GS365W electrophoresis data system. Peak areas were always com-
pared with those of controls run on the same gel. Statistical signifi-
cance was determined by one-way analysis of variance (ANOVA)
with post-analysis Bonferroni ¢-test calculated using GraphPad In-
stat.

2.4. Immunoblotting

Cell membrane and cytosol fractions were prepared, diluted in
sample buffer and separated by SDS-PAGE (7.5% acrylamide).
Proteins were electrophoretically transferred to Immobilon-P mem-
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branes for 2 h at 1 A at 4°C. Blots were incubated in blocking buffer
(10 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20 and 1% (w/v)
bovine serum albumin) for 1-2 h at 4°C. Antibody against myosin
light chain kinase (MLCK) was diluted 1:5000 in blocking buffer and
incubated with the blots overnight at 4°C, 1251.Jabeled goat anti-
mouse secondary antibody or enhanced chemiluminescence (ECL)
using horseradish peroxidase (HRP)-conjugated goat antimouse sec-
ondary antibody was used for quantification and autoradiography.
Results were analyzed by either by scanning the peaks using a
Hoefer GS365W scanning densitometer as described above or cut-
ting the 150 kDa band and counting the radioactivity.
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2.5. Materials

Haloperidol was graciously donated by McNeil Pharmaceuticals,
Fort Washington, PA. Monoclonal antibody to MLCK, leupeptin,
pepstatin, phenylmethylsulfonyl fluoride, high molecular weight
standards, bovine serum albumin, donkey anti-sheep IgG, HRP-
labeled goat antimouse, rice starch, polyethylene glycol 8000, rabbit
serum, Triton X-100, Lubrol PX and Tween 20 were obtained from
Sigma Chemical Co. (St. Louis, MO). Immobilon paper was from
Millipore (Bedford, MA). ECL reagents were purchased from Amer-
sham (Arlington Heights, IL). '**I-goat antimouse and '*I-labeled
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Fig. 1. Effect of repeated HAL and challenge with AMPH on CaM content in subcellular fractions from selected rat brain areas. Male,
Sprague-Dawley rats were treated with repeated HAL (H) or vehicle (V) as described in Materials and Methods (Pt = pretreatment). Four days
following the last injection, rats were challenged with acute AMPH (A, 1 mg/kg i.p.) or saline (S) (Ac = acute) 30 min before sacrifice such that 4
groups were formed: V-S, V-A, H-S, H-A. Striata were homogenized and 100,000 X g cytosol (Cyt) and membrane (Memb) fractions were
prepared. Statistical differences were determined by ANOVA and post-analysis Bonferroni ¢-test. (A) Striatum; Cyt.: P < 0.004 by ANOVA,
P < 0.05 for HA as compared to HS and VS. Memb: P < 0.0001 by ANOVA, P < 0.001 for HS as compared to HA, and P < 0.05 for HS and HA
as compared to VS, and for VA as compared to HA. (B) Limbic forebrain; Memb: P < 0.0001, P < 0.01 for HS as compared to VS and VA. (C)
Frontal cortex; Cyt: P < 0.006 by ANOVA, P < 0.05 for, VS as compared to HS and HA. (D) Hippocampus; Cyt: P < 0.02 by ANOVA, P < 0.05

for VS as compared to HA. (E) Cerebellum; no significant values.
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CaM were purchased from NEN Du Pont, Wilmington, DE. AMPH
was obtained from University Laboratory of Animal Medicine, Uni-
versity of Michigan, Ann Arbor, MIL.

3. Results

3.1. CaM content in rat brain cytosol and membrane
fractions 4 days after withdrawal from repeated HAL

The ability of repeated HAL to elicit a change in
CaM content or localization was examined and the
specificity of the response for dopaminergic areas in
the brain was determined. Sensitivity to a dopamine
mimetic agent was evaluated by measuring the ability
of a challenge injection of acute AMPH to alter subcel-
lular CaM localization in both VEH- and HAL-pre-
treatment groups. Rats were treated with HAL (0.5
mg /kg s.c.) for 21 days and withdrawn 4 days. In the
striatum, repeated HAL induced a significant increase
in CaM in the membrane fraction, as demonstrated
previously [15,18,29.42] (Fig. 1A). Challenge with a low
dose (1 mg/kg) of AMPH 30 min before sacrifice did
not alter the distribution of CaM in the VEH-pre-
treated rats. Consequently the ratio of CaM content in
the membrane to that of cytosol (M/C ratio) was
constant in VEH-SAL and VEH-AMPH groups (Fig.
2). The distribution of CaM in the HAL-SAL group
did not significantly change from that of the VEH-SAL
group since a slight but non-significant increase in
soluble CaM offset the increase in the membrane. In
contrast to its lack of effect in VEH-treated rats, acute
AMPH elicited a subcellular redistribution of the CaM
in the HAL-treated group. Particulate CaM decreased
with a corresponding increase in soluble CaM, signal-
ing a change in sensitivity of the AMPH-induced pro-
cess mediating translocation in response to repeated

Striatum Limble Forebrain

M/C ratio of CaM content

V-§ V-A H-S H-A VS V-A HS H-A

Frontal

VS V-A HS H-A

haloperidol. This redistribution is reflected as a signifi-
cant decrease in the M /C ratio of CaM for the HAL-
AMPH group (Fig. 2).

In contrast to the striatum, repeated HAL altered
the subcellular distribution but not the content of CaM
in both the limbic forebrain and frontal cortex (Fig.
1B,C). In both areas CaM was increased in the cytosol
with a corresponding decrease in the membranes. This
was reflected as a significant reduction in the M/C
ratio for CaM in both limbic forebrain and frontal
cortex as a result of repeated HAL treatment (Fig. 2).
A challenge dose of AMPH did not further alter the
subcellular localization of CaM in either VEH- or
HAL-pretreated rats (Figs. 1B,C and 2). This suggests
that the localization of a ‘transferrable’ pool of CaM
was altered by the repeated HAL treatments and could
not be further modified by AMPH.

No changes in CaM content or localization were
found in either the hippocampus or cerebellum after
repeated HAL treatment (Fig. 1D,E). A challenge dose
of AMPH had no effect on CaM localization in either
area independent of pretreatment condition (Figs. 1D,E
and 2).

3.2. Haloperidol-induced changes in binding of CaM to
CaM-binding proteins

Since repeated HAL elicited an apparent increase
in CaM content in striatum, we investigated whether
there was a corresponding change in a CaM-binding
protein. Biotinylated CaM (BioCaM) overlays were
used to detect the major CaM binding proteins in the
soluble and particulate fractions of control and HAL-
treated striata from rats that had been withdrawn from
drug treatment for 4 days. Major particulate CaM-
binding proteins detected by this technique had molec-
ular masses of 270, 193, 150, 130, 76, 69, 49 and 41

Cortex Hippocampus Cerebellum

V-S V-A HS H-A

VS V-A HS H-A

Fig. 2. Membrane / cytosol (M /C) ratio of CaM content in select brain areas from rats pretreated with haloperidol (H) or vehicle (V) and
challenged with acute AMPH (A) or saline vehicle (V) 30 min before sacrifice. Rats were treated and challenged as described in the Legend to
Fig. 1. The M /C ratio is calculated as the total CaM content in ng CaM /mg wet wt. (values taken from Fig. 1) in membranes divided by that in
cytosol. Results are given as the M /C ratio + S.E.M. Statistical differences were determined by one-way ANOVA with post-analysis Bonferroni
t-tests. Striatum: P < 0.0007 by ANOVA; P <0.001 for HS as compared to HA, and P <0.01 for VS as compared to HA. Limbic forebrain:
P < 0.004 by ANOVA; P < 05 for VS as compared to HS and HA, and P < 0.01 for VA as compared to HS and HA. Frontal cortex: P < 0.005 by
ANOVA; P < 0.05 for VS as compared to HS and HA, and for VA as compared to HS and HA. Hippocampus and cerebellum: no significant
values.
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Fig. 3. A: BioCaM blot of CaM-binding proteins in striatal membrane and cytosol fractions from rats treated repeatedly with HAL (Hal) or VEH
(Veh). Rats were treated with HAL or VEH as described in Materials and methods. Proteins (90 ng/lane) were separated on SDS-PAGE (7.5%
acrylamide) and BioCaM blotting was conducted as described in Materials and methods. Blots were developed with avidin alkaline phosphatase.
All lanes contained 90 g of protein. Molecular weight markers were (in kDa): myosin, 205; 8-galactosidase, 116; phosphorylase B, 97.4; bovine
serum albumin, 66; ovalbumin, 45; carbonic anhydrase, 29. B: immunoblot detecting MLCK immunoreactivity in striatal cytosol and membrane
fractions from rats treated repeatedly with HAL (Hal) or VEH (Veh). Animals were treated and fractions prepared as described in Materials and
Methods. Proteins (100 ug/lane) were separated on SDS-PAGE (7.5% acrylamide) and immunoblotted with mouse anti-MLCK (1 : 5000).
Binding was detected using 1251 labeled goat anti-mouse secondary antibody.

kDa. Cytosolic CaM binding proteins included proteins
of 270, 203, 190, 150, 116, 76, 58, 56, 50, 40 and 37
kDa. Binding of biotinylated CaM to a protein of 150
kDa showed a significant increase in the striatal mem-
brane fraction after repeated HAL treatment (Figs. 3A
and 4). Results from the BioCaM blots were quantified
by densitometry as described in Materials and meth-
ods. Values from this analysis are presented in Table 1

and demonstrate that the density of the 150 kDa band
is significantly greater in striatal particulate fractions
from rats treated with HAL. AMPH challenge did not
affect the BioCaM binding in either VEH- or HAL-
pretreated groups. In the cytosol fraction, there was a
significant decrease in binding of BioCaM to a 150 kDa
band but the binding was increased after AMPH chal-
lenge (Fig. 4 and Table 1). The decrease in BioCaM

Table 1
BioCaM binding in striatal subcellular fractions from rats treated with vehicle or haloperidol and withdrawn 4 days

Fraction Treatment ?
VEH-SAL (5) VEH-AMPH (4) HAL-SAL (5) HAL-AMPH (4)
(Densitometry units (X 1073))
Membranes ® 454 4 0.14 4.86 + 0.1 557+0.19 * 537+0.11%
Cytosol © 6.15+0.40 7.07 £ 0.46 453 +0.40 * 6.18 + 0.49

? Male, Sprague-Dawley rats were treated with vehicle (VEH) or haloperidol (HAL) (0.5 mg /kg s.c.) as described in Materials and Methods and
withdrawn 4 days from the drug. Thirty min before sacrifice rats were given a challenge dose of 1 mg/kg amphetamine (AMPH) i.p. or saline
(SAL). The first treatment represents the repeated treatment and the second represents the challenge treatment. Membrane and cytosol
fractions were prepared and SDS-PAGE and BioCaM blotting was conducted as described in Materials and methods. The 150 kDa band in the
blot was analyzed using densitometry as described in Materials and methods. The n for each group is given in parentheses.

® P <0.0017 by ANOVA. In post hoc Bonferroni ¢-test, * P < 0.01 for HAL-SAL and HAL-AMPH as compared to VEH-SAL.

€ P <0.008 by ANOVA. In post hoc Bonferroni test, * P < 0.01 for VEH-AMPH as compared to HAL-SAL; P < 0.05, HAL-AMPH and
VEH-SAL as compared to HAL-SAL by post hoc Bonferroni ¢-test.
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Membrane

Fig. 4. BioCaM blot of 150 kDa band in striatal membrane and
cytosol fractions from rats treated repeatedly with HAL (H) or VEH
(V). Four days following the last injection, rats were challenged with
acute AMPH (A, ! mg/kg i.p.) or saline (S) 30 min before sacrifice
such that 4 groups were formed: V-S, V-A, H-S, H-A. Proteins were
separated by SDS-PAGE and subjected to BioCaM blotting as
described in Materials and methods and the legend to Fig. 3. In
these experiments, gels with the membrane fractions contained 200
wg/lane while those with cytosol fractions contained 100 ng/lane.
Blots were developed with avidin alkaline phosphatase.

binding in the cytosol of the HAL-SAL group was not
spurious since it was reproduced in another group of
repeated HAL-treated rats withdrawn 4 days.

A known CaM-binding protein in brain of approxi-
mately 150 kDa is myosin light chain kinase (MLCK).
To determine whether there was an alteration in MLCK
that would correspond with changes in BioCaM label-
ing, immunoblots were performed on the fractions
using a monoclonal antibody to MLCK. MLCK im-
munoreactivity was detected in both striatal particulate
and supernatant fractions at the same apparent molec-
ular size as the 150 kDa BioCaM binding protein. Note
that both the BioCaM labeling of the 150 kDa band
and the MLCK immunoreactivity labeling is greater in

Table 2
MLCK immunoreactivity in striatal subcellular fractions from rats
treated with vehicle or haloperidol and withdrawn 4 days

Treatment ®
VEH-SAL VEH-AMPH HAL-SAL HAL-AMPH
(Densitometry units (X 10~3))

Membranes ® 104+0.7 10.9+1.0 15.0+13* 155+1.6
Cytosol 222432 198+14 209+14 163+25

Fraction

? Rats were treated as described in the legend to Fig. 1 and Table 1.
Immunoblotting was performed as described in Materials and meth-
ods. Blots were developed using goat antimouse and ECL. Results
were analyzed using densitometry as described in Materials and
methods. For all groups, n = 5.

bp< 0.02, for ANOVA, * P < 0.05 by post hoc Bonferroni z-test for
HAL-SAL and HAL-AMPH as compared to VEH-SAL.

Fig. 5. Immunoblot detecting MLCK immunoreactivity in striatal
cytosol and membrane fractions from rats treated repeatedly with
HAL (H) or VEH (V) and withdrawn 4 days. Animals were chal-
lenged with saline (S) or AMPH (A) before sacrifice as described in
the legend to Fig. 4. Proteins were separated by SDS-PAGE (7.5%
polyacrylamide) and immunoblotted with mouse anti-MLCK
(1:5000). All lanes, for membrane and cytosol, contained 100 pg of
protein. Binding was detected with ECL.

the cytosol fraction than in the membrane fraction
when equal amounts of soluble and particulate protein
are loaded on the gels (Fig. 3A,B). In brain, approxi-
mately 70% of MLCK is located in the cytosol [3]. As
shown in Fig. 3B, no other proteins were labeled with
the MLCK antibody. Results were verified with an
antibody to bovine trachea MLCK generously donated
by Dr. James Stull, University of Texas at Dallas. As
shown in Fig. 5 and Table 2, there was a significant
increase in MLCK immunoreactivity (MLCK-ir) in stri-
atal particulate fractions from HAL-treated rats. Chal-
lenge with AMPH produced no change in MLCK-ir. In
contrast to the BioCaM labeling (Figs. 3 and 4 and
Table 1) there was no change in MLCK-ir in striatal
cytosol fractions from HAL-treated animals independ-
ent of AMPH challenge (Fig. 5 and Table 2).

In order to determine whether the change in Bio-
CaM binding and MLCK-ir persist for a longer time
after withdrawal from HAL, these parameters were

Table 3
MLCK immunoreactivity in striatal subcellular fractions from rats
treated with vehicle or haloperidol and withdrawn 10 days

Fraction Treatment ?
VEH HAL
(cpm) (cpm)
Membranes 90+ 14 280+ S51°
Cytosol 396+ 25 446+ 164

? Rats were treated and gel electrophoresis performed as described
in legend to Table 3. Bands were cut and counted.

® P <0.005 for HAL membranes as compared to VEH controls, by
2-tail Students -test.
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-150

Fig. 6. Immunoblot detecting MLCK immunoreactivity in striatal
membrane fractions from rats treated repeatedly with HAL or VEH
and withdrawn 10 days. Proteins were separated by SDS-PAGE
(7.5% polyacrylamide) and immunoblotted with mouse anti-MLCK
(1:5000). All lanes, for membrane and cytosol, contained 200 pg of
protein. Binding was detected with 1251 Jabeled goat anti-mouse
secondary antibody. Labeled bands were cut and counted and the
results are given in Table 3.

measured in rats that were withdrawn 10 days from
repeated HAL. There were no challenge groups in this
experiment. In accordance with the 4 day withdrawal
group, there was a significant increase in MLCK-ir
measured in striatal particulate fractions from HAL-
treated rats (Fig. 6). In these experiments, MLCK-ir
was detected with '*I-labeled secondary antibody; the
bands demonstrating MLCK-ir were cut and counted
and the results are shown in Table 3. There is a highly
significant increase in CPM from the 150 kDa-labeled
band in the striatal particulate fraction but no signifi-
cant change in the soluble fraction. The large standard
error of the means in the soluble fraction in the HAL-
treated group is due to a very high value in the HAL-
treated group.

4. Discussion

This and previous studies [15,18,29,42] have demon-
strated that repeated HAL treatment increases CaM
content in the particulate fraction in rat striatum. To
examine whether striatal CaM-binding proteins are
concomitantly altered, binding of biotinylated CaM to
striatal proteins was assessed. This report is the first to
identify a change in a CaM-binding protein, which
appears to be MLCK, accompanying the increase in
CaM in response to haloperidol treatment. Increases in
CaM-binding proteins paralleling hormone or neuro-
transmitter-induced increases in CaM have been re-
ported [14]. In many cases the CaM-binding protein
involved was MLCK. In rabbit myometrium, a cyclo-
heximide-sensitive increase in MLCK activity paral-
leled the increase in CaM after estrogen or proges-
terone treatment [33]. Alphal adrenergic receptor-
mediated release of Ca®>* from the endoplasmic reticu-
lum during proliferative activation of rat liver elicited a
translocation of cytosolic CaM into the nucleus that
was accompanied by an increase in nuclear content of
two CaM-binding proteins believed to be a-spectrin
and MLCK [43]. Estrogen treatment of immature
chickens resulted in an enrichment of MLCK in the

liver nuclear matrix [50]. Expression of some CaM-
binding proteins, such as CaM-sensitive phosphodi-
esterase and CaM-kinase II have been altered by
transsynaptic regulation, especially denervation or
synaptic deprivation [2,21,54]. Repeated HAL did not
alter CaM-binding proteins in developing rat striatum
[40). Either the effect is specific for plasticity changes
in the adult or factors such as withdrawal time could
account for the difference. MLLCK, demonstrating an
apparent M, of 150,000, has been purified from brain
and identified in both cytosol and particulate fractions
with approximately 69% of the activity in the cytosol
[3]. In our experiments, both MLCK immunoreactivity
(-ir) and BioCaM binding to a 150,000 kDa band is
greater in the 100,000 X g cytosol than in the pellet.
MLCK has been found in both neurons and glia in
cytosol and cytoskeleton [10].

The increase in MLCK-ir could be due to an in-
crease in the amount of protein or an alteration in
conformation of the protein leading to a change in
immunodetectability. In general, the binding of Bio-
CaM to the 150 kDa band correlated fairly well with
MLCK-ir, with the exception of the cytosol in HAL-
treated rats receiving a VEH challenge dose. In these
samples, the levels of BioCaM binding were signifi-
cantly decreased as compared to VEH-treated controls
but increased after challenge with AMPH (the HAL-
AMPH group). It is unlikely that this represents a
simple translocation of 150 kDa protein from cytosol to
membranes since there was no corresponding change
in labeling of the 150 kDa binding in membrane after
AMPH challenge. In addition, there was no significant
change in MLCK-ir in the cytosol fractions. Alterations
in BioCaM binding, however, could represent a change
in affinity of CaM for the protein in addition to a
change in amount of immunodetectible MLCK. MLCK
is phosphorylated by protein kinase A, protein kinase
C and CaM-Kinase II at a specific site (site A), which
reduces the sensitivity of the enzyme for CaM 10- to
20-fold [8,51). Thus, the decrease in BioCaM binding
could represent a change in phosphorylation or some
other modification of MLLCK that would reduce bind-
ing. Challenge with AMPH could reverse the modifica-
tion restoring control levels of BioCaM binding to the
150 kDa protein.

The altered localization or content of CaM induced
by repeated HAL could more generally signal an in-
crease in Ca’" sensitivity of CaM-dependent target
enzymes and/or a change in organization of CaM-
binding cytoskeletal proteins. The 33% increase in
CaM in the striatum is modest but a small change in
CaM could have profound effects on the activity and
sensitivity of Ca®* signal transduction events. CaM and
Ca®* synergistically activate several target proteins,
including MLCK, such that the affinity of the enzyme
for one ligand is greatly enhanced by the presence of
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the other [9,39]. The repeated HAL-induced increase
in membrane CaM suggests that the activity of mem-
brane-localized CaM-dependent processes could be in-
creased. Several CaM-dependent enzymes such as
Ca’*, Mg?*, ATPase and adenylyl cyclase partition
into the membranes along with CaM-binding cytoskele-
tal and membrane proteins. On the contrary, the
HAL-induced increase in soluble CaM in limbic fore-
brain or frontal cortex suggests a potential increase in
Ca’* sensitivity of soluble CaM-binding target en-
zymes. A change in soluble CaM could also suggest a
rearrangement of CaM binding to the cytoskeleton or
membrane skeleton such that it partitions more readily
into the cytosol upon homogenization. These consider-
ations would similarly apply to a stimulus-induced in-
crease in soluble CaM, such as that induced by AMPH
challenge.

In contrast to the increase in particulate CaM in the
striatum, repeated HAL treatment altered the subcel-
lular location of CaM in the limbic forebrain and
frontal cortex without changing the total CaM. This
could reflect a differential effect of the repeated HAL
on dopamine levels and turnover in these regions
[11,22,27,49], or differential expressions of plasticity
due to dissimilar neuronal organization. The limbic
forebrain and frontal cortex are considered to be im-
portant sites for antipsychotic activity of the drugs
while striatum may contribute more to their motor side
effects [6]. The differential responsiveness of the stria-
tum was also shown by the fact that, in HAL-treated
rats, challenge with a lower dose of AMPH (1 mg/kg)
elicited a translocation of CaM in striatum but not in
limbic forebrain or frontal cortex. See et al. [49] found
an enhanced response of dopamine activity to AMPH
in the striatum but not nucleus accumbens in rats
treated chronically with HAL. Repeated HAL-induced
increases in particulate rat striatal CaM have been
repeatedly demonstrated [15,18,29,42] but results in
other dopaminergic areas have been equivocal. Popov
et al. [42] found no significant change in nucleus ac-
cumbens but a decrease in soluble CaM in the hip-
pocampus. The differences from our results could be
accounted for by differences in drug treatment and
withdrawal times. We treated rats with 0.5 mg/kg
HAL subcutaneously for 21 days with 4 days of with-
drawal while Popov et al. treated rats for 21 days with
1 mg/kg HAL i.p. with 2 days withdrawal. We previ-
ously showed that the repeated HAL-induced increase
in striatal CaM is not apparent upon cessation of drug
treatment and takes time after withdrawal to appear
[15). It is possible that longer withdrawal times are
required to detect changes in limbic forebrain CaM,
and higher doses of HAL are necessary to detect
decreased CaM in the hippocampus.

The fact that AMPH challenge induced a transloca-
tion of CaM from membranes to cytosol in striatum in

HAL- but not VEH-pretreated rats suggests an en-
hanced sensitivity of the release process in repeated
HAL-treated rats. AMPH has been shown to redis-
tribute CaM in non-treated rats but the dose of AMPH
in this study may be slightly lower than that used in
others [18,41]. In addition, in our chronic study, the
VEH-treated rats had been repeatedly handled which
may alter the sensitivity of the process. Translocation
of CaM from membranes to cytosol has been corre-
lated with a decreased responsiveness of adenylyl cy-
clase to dopamine [16,35] and an enhanced activation
of CaM-sensitive cAMP-dependent phosphodiesterase
[18]. In rats behaviorally sensitized to AMPH but not
in SAL controls, challenge with 1 mg/kg of AMPH
actively redistributed striatal CaM to the cytosol with a
concomitant reduction in activation of striatal adenylyl
cyclase by the D, dopamine agonist, SKF 38393 [46].
The development of D, dopamine receptor sensitivity
after chronic antipsychotic treatment is controversial.
There appears to be no increase in binding to D,
dopamine receptors [31], although enhanced sensitivity
of adenylyl cyclase to DA and GTP has been reported
[15,23,36,48,53].

The changes in CaM are withdrawal-dependent sug-
gesting that the alterations in CaM are compensatory
responses to drug treatment. Since alterations in CaM
have been detected after repeated treatment with other
psychoactive drugs such as AMPH, cocaine and mor-
phine [14,18,42], it is possible that the alteration in
CaM is a general response to altered synaptic activity
and is more generally related to drug-induced plastic-
ity. Repeated treatment with AMPH, morphine and
cocaine results in a behaviorally manifested sensitiza-
tion to dopaminergic drugs [1,45]. CaM could play a
role in several neurochemical changes reported to re-
sult from repeated treatment with psychoactive drugs,
such as an increase in stimulus-induced neurotransmit-
ter release [17] or morphological changes in synaptic
structures, both of which involve cytoskeletal interac-
tions [30]. Morphometric studies in rat striatum and
frontal cortex have shown synaptic changes after re-
peated HAL treatment consistent with enhanced
growth and possible sprouting of presynaptic neurons
as well as induced postsynaptic plastic changes involv-
ing dendritic spines [4,24-26]. Dynamic changes in
cytoskeletal proteins are proposed to regulate the shape
of nerve cells and synapses as well as the movement of
cytosolic components within the cell, processes known
to involve Ca?* [12,30]. Actin and myosin have been
localized to the dendritic spine plasma membrane in
several brain areas [12]. Drug-induced changes in
MLCK could enhance myosin-actin interactions, induc-
ing movement of cytoplasm within the spine aiding
morphological changes. There is anatomical specificity
in the effects of HAL on ultrastructure. Repeated
HAL increased the number of perforated synapses in
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caudate but not nucleus accumbens [37]. Some changes
in CaM location and content could be due to the
differential effects on morphology. Therefore, an in-
crease in CaM and CaM-binding proteins could be
involved with neurochemical or morphological alter-
ations in the synapse that contribute to sensitization.
In conclusion, we have demonstrated a change in
CaM content or localization in response to repeated
HAL treatment in brain areas enriched in dopaminer-
gic innervation. Accompanying the increase in striatal
CaM content is an increase in detectible MLCK-ir.
Enhanced dopaminergic responsivity in the striatum
was suggested by the fact that an AMPH challenge
elicited a translocation of CaM in striatum from re-
peated HAI -treated rats and not from vehicle-treated
rats. In HAL -treated animals, therefore, dopaminergic
activity would lead to enhanced activation of cytosolic
CaM target proteins due to redistribution of CaM to
the cytosol. The increase in CaM and MLCK may
signal a greatly enhanced sensitivity of actin myosin
interactions after repeated HAL that could contribute
to HAL-induced morphological changes or other
HAL-induced changes in synaptic plasticity.
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