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After cessation of repeated, intermittent amphetamine, we de-
tected an emergent Ca21-dependent component of
amphetamine-induced dopamine release and an increase in
calmodulin and Ca21- and calmodulin-dependent protein ki-
nase activity in rat striatum. This study examined the involve-
ment of calmodulin-dependent protein kinase II (CaM kinase II)
and synaptic vesicles in the enhanced Ca21-dependent dopa-
mine release in response to amphetamine or K1 in rat striatum.
Rats were pretreated for 5 d with 2.5 mg/kg amphetamine or
saline and withdrawn from drug for 10 d. The selective CaM
kinase II inhibitor KN-93 (1 mM), but not the inactive analog
KN-92, attenuated the Ca21-dependent amphetamine-
mediated dopamine release from amphetamine-pretreated rats
but had no effect in saline-pretreated controls. [ 3H]Dopamine
uptake was unaltered by repeated amphetamine or KN-93 and
was Ca21 independent. Striatal dopamine release stimulated
by 50 mM KCl was enhanced twofold after repeated amphet-
amine compared with that in saline controls but was unaffected

by KN-93. To examine the requirement for dopaminergic vesi-
cles in the Ca21-dependent dopamine release, we adminis-
tered reserpine to saline- and amphetamine-pretreated rats 1 d
before killing. Reserpine pretreatment did not affect
amphetamine-mediated dopamine release from either pretreat-
ment group but completely ablated K1-mediated dopamine
release. Reserpine did not disrupt the ability of 1 mM KN-93 to
block the Ca21-dependent amphetamine-mediated dopamine
release from amphetamine-pretreated rats. The results indicate
that the enhanced dopamine release elicited by amphetamine
from chronically treated rats is dependent on Ca21- and
calmodulin-dependent phosphorylation and is independent of
vesicular dopamine storage. On the contrary, the enhanced
depolarization-mediated vesicular dopamine release is inde-
pendent of Ca21- and calmodulin-dependent phosphorylation.
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The catecholamine dopamine (DA) can be released from termi-
nals and dendrites by exocytosis, a Ca21- and synaptic vesicle-
dependent process, or by a Ca21-independent, plasmalemma
transporter-mediated mechanism that is used by the psychostimu-
lant amphetamines (AMPHs) (Raiteri et al., 1979). Many behav-
ioral effects elicited by AMPH are attributed to its ability to
release DA from presynaptic nerve terminals and to inhibit the
reuptake of DA from the synapse (Seiden et al., 1993). DA
release after acute administration of AMPH is Ca21 indepen-
dent; it relies on cytosolic DA and vesicular DA that permeates
into the neuronal cytoplasm from synaptic vesicles (Chiueh and
Moore, 1975; Raiteri et al., 1979; Jones et al., 1998). Repeated,
intermittent treatment of rats with AMPH or cocaine leads to an
enhanced release of DA from areas such as the striatum and
nucleus accumbens in response to stimuli such as AMPH or
depolarization (Robinson and Becker, 1982; Robinson et al.,
1985; Castañeda et al., 1988; Kolta et al., 1989; Wolf et al., 1993;
Pierce and Kalivas, 1997a). The enhanced component of the

AMPH-induced DA release after repeated AMPH or cocaine is
distinguished from that released in nontreated rats by its Ca 21

dependency (Warburton et al., 1996; Iwata et al., 1997; Pierce and
Kalivas, 1997a). We have identified additional Ca21-related ac-
tivities in rat striatum that develop after repeated, intermittent
AMPH. After cessation of repeated AMPH, we found an in-
crease in the Ca21-binding protein calmodulin (CaM) and in the
activity of Ca21- and CaM-dependent protein kinase II (CaM
kinase II) in striatal synaptosomes as well as an increase in the
phosphorylated state of the vesicular protein synapsin I at the
CaM kinase II substrate site (Iwata et al., 1996, 1997). Both CaM
kinase II and synapsin I are involved in neurotransmitter release;
CaM kinase II enhanced Ca 21-dependent glutamate release
from nerve endings purportedly via an enhanced phosphorylation
of synapsin I (Llinas et al., 1991; Nichols et al., 1992). Inhibitors
of CaM kinase II blocked a Ca21-dependent component of
amphetamine-mediated DA release in the nucleus accumbens of
rats treated with repeated cocaine (Pierce and Kalivas, 1997a)
and the sensitized locomotor behavior (Pierce et al., 1998).

The goal of the present study was to examine the role of CaM
kinase II in the Ca 21-dependent component of DA release in rat
striatum after repeated AMPH in response to a challenge with
AMPH. We also investigated whether the enhanced
depolarization-mediated DA release after repeated, intermittent
AMPH was dependent on CaM kinase II. The source of the
releasable pool of DA affected by an AMPH challenge after a
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repeated AMPH treatment is unknown. Synaptic vesicles could
be integral to DA release by both stimuli because DA release in
response to both depolarization and AMPH is enhanced after
repeated AMPH. To determine whether synaptic vesicles were a
source of DA for the enhanced DA release after repeated
AMPH, we examined whether reserpine treatment, which de-
pletes vesicular DA, would abolish the amphetamine-mediated
Ca21-dependent DA release elicited by the repeated AMPH.

MATERIALS AND METHODS
Repeated AMPH regimen. Female Holtzman rats (179–190 gm; Harlan
Sprague Dawley, Indianapolis, IN) were given intraperitoneal injections
of AMPH (2.5 mg/kg) or saline once a day for 5 d. Saline- and AMPH-
pretreated rats were killed 10 d after the last injection. This treatment
was chosen because it produces a behavioral sensitization in response to
a challenge dose of AMPH (Robinson and Becker, 1982).

Striatal slice preparation. Rats were killed by decapitation, and the
striatum was removed and dissected on ice using a brain-cutting block as
described (Heffner et al., 1980). The striatal tissue of each rat was
divided into 1 mm 3 pieces and placed immediately into ice-cold Krebs’
Ringer buffer (KRB) containing 125 mM NaCl, 2.7 mM KCl, 1 mM

MgCl2 , 1.2 mM CaCl2 , 1.2 mM KH2PO4 , 10 mM glucose, 24.9 mM

NaHCO3 , 0.25 mM ascorbic acid, and 10 mM pargyline. The buffer was
oxygenated with 95% O2 /5% CO2 for 1 hr, with pH at 7.4.

DA release assay. Striatal slices were weighed and placed into a desig-
nated chamber of a Brandel SF-12 superfusion apparatus (Gaithersburg,
MD) onto a Whatman GF/B glass filter (Maidstone, UK). Superfusion
chambers were maintained at 37°C, and medium was perfused through
the chambers at 100 ml /min. Samples were collected at 5 min intervals.
All chambers were perfused with KRB or drug for 30 min, followed by
a 2.5 min bolus of the following drug combinations: 1 mM AMPH, 1 mM

AMPH 1 10 mM KN-93, 10 mM KN-93 alone, and KRB as control. The
bolus of AMPH was given at fraction 7. Analysis of the time to travel
through the tubing demonstrated that the bolus would arrive at the tissue
at fraction 9. In some experiments, KN-92 was substituted for KN-93.
Experiments measuring depolarization contained 50 mM KCl or 50 mM

KCl 1 1 mM KN-93. In these experiments, Na 1 was commensurately
lowered in the KRB to maintain osmolarity. The bolus drug combina-
tions were replaced with fresh KRB or with KN-93 and/or KN-92, and
sample collection continued for 40 more minutes. Samples were collected
into vials containing 25 ml of internal standard solution [0.05N HClO4 ,
4.55 mM dihydroxybenzylamine (DHBA), 1 M metabisulfate, and 0.1 M

EDTA]. Samples were stored at 270°C until analysis. The DA content of
the samples was analyzed by HPLC with electrochemical detection using
DHBA as an internal standard (Becker et al., 1984). Statistical signifi-
cance was determined using one-way ANOVA with a post-test Tukey–
Kramer multiple comparison analysis or by Student’s t test.

Reserpine treatment and total DA measurement. Female Holtzman rats
were pretreated with repeated AMPH or saline as discussed above. On
day 9 after the last dose of drug, rats were injected subcutaneously with
5 mg/kg reserpine or vehicle (1.5% glacial acetic acid) and killed 18 hr
later. DA was measured in each striatum to determine the degree of
depletion and was, as we found previously (Kantor and Gnegy, 1998),
depleted 95% in both saline- and AMPH-pretreated rats.

[ 3H]DA uptake. Striatal slices from AMPH- and saline-pretreated rats
were weighed, placed into vials containing KRB with and without 1.2 mM

CaCl2 at 37°C for 5 min, and incubated for 20 more minutes in the
presence or absence of 10 mM KN-93, 10 mM nomifensine, or 5 mM

GBR-12935. After preincubation, [ 3H]DA (18.3 Ci /mmol) was added to
a concentration of 33 nM, and the incubation proceeded for an additional
5 min. The reaction was terminated by the addition of 10 ml of ice-cold
saline followed by filtration on GF/C filters (Whatman) and two more
saline washes. Filters were counted in ScintiVerse BD in a Beckman LS
5800 scintillation counter. Data were adjusted for the weight of the slices.

Drugs. AMPH was obtained from the University of Michigan Labo-
ratory of Animal Medicine (Ann Arbor, MI). HPLC-grade chemicals
were purchased from American Bioanalytical (Natick, MA). KN-93,
KN-92, KN-62, and GBR-12935 were purchased from Calbiochem (La
Jolla, CA), and reserpine was obtained from Research Biochemicals
(Natick, MA). Nomifensine was the generous gift of Dr. James Woods
(Department of Pharmacology, University of Michigan, Ann Arbor, MI).

RESULTS

Effect of AMPH challenge on DA release from
pretreated rats
The endogenous DA released in response to 1 mM AMPH was
measured in striatal slices 10 d after the last pretreatment dose of
saline or AMPH (2.5 mg/kg per day for 5 d). As shown in Figure
1, AMPH-mediated DA release from striatal slices was twofold
greater from AMPH-pretreated rats than from saline-pretreated
rats. Baseline values did not differ.

Effect of KN-93 and KN-92 on AMPH-mediated DA
release in pretreated rats
The effect of the selective CaM kinase II inhibitor KN-93 and its
inactive analog KN-92 on AMPH-induced DA release in striatal
slices from saline- and AMPH-pretreated rats was examined. At
10 mM, KN-93 had no effect on either basal DA levels or AMPH-
mediated DA release in saline-pretreated rats (Fig. 2A). KN-93,
however, did significantly inhibit AMPH-induced DA release in
AMPH-pretreated rats (Fig. 2B). The degree of inhibition was
;50%; the amount of remaining DA released was equal to the
level of AMPH-induced DA release in slices from saline-
pretreated rats. At 10 mM, KN-92, the inactive analog of KN-93,
had no effect on basal levels or DA released by 1 mM AMPH in
either AMPH- or saline-pretreated rats (Fig. 2C,D). The same
results were seen when striatal tissues were pretreated with a
different inhibitor of CaM kinase II, KN-62. In striatal slices from
saline-pretreated rats, values for peak DA released in response to
1 mM AMPH in the absence and presence of 5 mM KN-62 are 0.34
and 0.30 pmol/mg wet weight, respectively. In AMPH-pretreated
rats, values for DA released in response to 1 mM AMPH in the
absence and presence of 5 mM KN-62 are 0.93 and 0.44 pmol/mg
wet weight, respectively. Values are the average from two exper-
iments whose values did not differ .10%.

Figure 1. AMPH-mediated DA release in AMPH- and saline-pretreated
rats. Female Holtzman rats were pretreated with saline (triangles) or
AMPH (squares) as described in Materials and Methods. DA release from
the striatal slices was measured in response to AMPH (closed symbols) or
KRB (open symbols) as described in Materials and Methods and reported
as picomoles of DA per milligram wet weight (ww) 6 SEM. Drugs given
as a 2.5 min bolus at fraction 7 will reach the slices at fraction 9 (n 5 3).
A–A and S–A represent DA release from AMPH ( A)- and saline ( S)-
pretreated rats after perfusion with 1 mM AMPH. A–KRB and S–KRB
indicate basal DA levels from striatal slices from A- and S-pretreated rats.
By the use of ANOVA to compare values for fraction 10, the peak DA
responses differ ( p , 0.0001). In post hoc Tukey–Kramer tests, S–KRB
and A–KRB differ from S–A at p , 0.05 and A–A at p , 0.001. S–A differs
from A–A at p , 0.001.
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Depolarization-mediated DA release and the effect of
KN-93 after repeated AMPH
Castañeda et al. (1988) demonstrated that electrical- and
depolarization-mediated DA release was enhanced in rats treated

with a sensitizing regimen of repeated AMPH that differed from
this regimen. To ensure that there was enhanced depolarization-
mediated DA release in our regimen, we perfused striatal slices
from saline- and AMPH-pretreated rats with 50 mM KCl. As
shown in Figure 3, depolarization-mediated DA release was in-
creased twofold after withdrawal from the repeated AMPH reg-
imen compared with that in saline controls. However, the K1-
mediated DA release was not altered by KN-93 (Fig. 4A,B) or
KN-92 (data not shown) alone in striatal slices from either saline-
or AMPH-pretreated rats.

Effect of the CaM kinase II inhibitor on [3H]DA uptake

Because KN-93 could be inhibiting AMPH action by blocking its
uptake, we assessed its effect on the uptake of [ 3H]DA in striatal
slices from rats pretreated with saline or AMPH. Experiments
were performed in the presence and absence of Ca21 to deter-
mine whether there was a Ca 21-dependent component of
[ 3H]DA uptake after repeated AMPH. In contrast to the Ca 21

dependency of transporter-mediated DA release after repeated
AMPH, striatal DA uptake was Ca21 independent in both
AMPH- and saline-pretreated rats (Fig. 5). KN-93 did not sig-
nificantly affect DA uptake in the striatum from either saline- or
AMPH-pretreated rats. Nomifensine and GBR-12935, which are
dopamine transporter blockers, inhibited [3H]DA uptake into
striatal slices equally well from either AMPH- and saline-
pretreated animals.

Figure 3. K 1-mediated DA release from AMPH- and saline-pretreated
rats. Rats were given repeated saline (triangles) or AMPH (squares) as
described in Materials and Methods. DA release from the striatal slices
was measured in response to 50 mM KCl (closed symbols) or KRB (open
symbols) as described in Materials and Methods and was reported as
picomoles of DA per milligram wet weight (ww) 6 SEM. A–K 1 and S–K 1

represent AMPH (A)- and saline ( S)-pretreated rats given a bolus of 50
mM KCl, whereas A–KRB and S–KRB indicate basal DA levels from
striatal slices from A- and S-pretreated rats. In comparing the peak K 1

response, p , 0.03 for A–K 1 compared with S–K 1 (Student’s t test; n 5 6).

Figure 2. The effect of KN-93 and KN-92 on AMPH-mediated DA release in AMPH- and saline-pretreated rats. Rats were given repeated saline (A,
C) or AMPH (B, D), and striatal slices were analyzed for DA release as described in Materials and Methods. DA release in striatal slices was measured
in response to AMPH (closed symbols) or KRB (open symbols) in the absence (squares) or presence (diamonds) of 10 mM KN-93 or 10 mM KN-92. Results
are reported as picomoles of DA per milligram wet weight (ww) 6 SEM (n 5 3). A, C, The effect of KN-93 or KN-92 on basal and AMPH-mediated
DA release in saline-pretreated rats. B, D, The effect of KN-93 or KN-92 on AMPH-mediated DA release from AMPH-pretreated rats. Statistical
analyses were performed using a one-way ANOVA with Tukey–Kramer post hoc analysis on the peak AMPH response, fraction 10 (n 5 3). A, C,
ANOVA, p 5 0.01; p , 0.05 for AMPH (A) compared with KN-93 (KN93) or KN-92 (KN92) alone and KRB. B, ANOVA, p , 0.0001; p , 0.001 for
KRB and KN93 alone compared with A; p , 0.05 for KRB and KN93 alone compared with KN931A; and p , 0.01 for A compared with KN931A. D,
ANOVA, p , 0.001; p , 0.01 for KRB and KN92 alone compared with A and KN921A.
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Effect of reserpine on AMPH-mediated DA release
after repeated AMPH
Although KN-93 had no effect on depolarization-mediated DA
release, the Ca21 dependency of both the enhanced AMPH-
mediated and the depolarization-mediated DA release suggested
that synaptic vesicles could be involved in the increased response
to both stimuli. To test for a requirement for synaptic vesicles in
the enhanced stimulus-induced DA release after repeated
AMPH, we pretreated rats with saline or AMPH and gave the
rats reserpine (5 mg/kg, s.c.) or vehicle 9 d after the last treat-
ment. There were thus four groups of rats differing in repeated
treatment and injection type on day 9: saline-pretreated rats given
vehicle on day 9 (Fig. 6, S), saline-pretreated rats given reserpine

on day 9 (rS), AMPH-pretreated rats given vehicle on day 9 (A),
and AMPH-pretreated rats given reserpine on day 9 (rA). Rats
were killed the next day, which was day 10 after the last drug
injection, and DA release in response to either AMPH or K1 was
measured in the striatal slices. The amount of DA released in
response to 1 mM AMPH is shown in Figure 6A. Reserpine
treatment on day 9 had no effect on endogenous DA release in
response to 1 mM AMPH in saline-pretreated rats, as we have
seen previously (Kantor and Gnegy, 1998). As shown in Figure
6A, reserpine given on day 9 similarly had no significant effect on
AMPH-mediated DA release in AMPH-pretreated rats. The
controls (KRB alone in the perfusion) for all groups gave the
same values and were treated as one line on Figure 6A to avoid
visual clutter. The effect of reserpine on K1-mediated DA release
after repeated saline or AMPH is shown in Figure 6B. As
expected, reserpine pretreatment abolished K1-mediated DA
release in slices from rats repeatedly treated with either saline
or AMPH.

Effect of reserpine treatment on KN-93 inhibition of
AMPH-mediated DA release in pretreated rats
To help delineate the site of action of KN-93 in inhibiting striatal
AMPH-mediated DA release in AMPH-pretreated rats, we ex-
amined the effect of reserpine on the KN-93 inhibitory action.
Because the vesicles were obviously depleted by reserpine (Fig.
6B), a lack of effect of KN-93 in reserpine-pretreated rats would
suggest that the drug was acting on CaM kinase II on the synaptic
vesicles. As shown in Figure 2A, 10 mM KN-93 had no effect on
AMPH-mediated DA release from saline-pretreated rats. Reser-
pine given on day 9 did not alter that result (Fig. 7A). Similarly,
the ability of 10 mM KN-93 to inhibit the enhanced component of
AMPH-mediated DA release in AMPH-pretreated rats was un-
altered by reserpine given on day 9 (Fig. 7B). KN-93 (10 mM) did
not affect basal DA levels under any treatment condition.

Protein kinase C inhibitors attenuated AMPH- but not
K1-stimulated DA release in saline- and AMPH-
pretreated rats
We have shown previously that inhibitors of protein kinase C
(PKC) completely inhibit AMPH-mediated DA release in the rat

Figure 4. The effect of KN-93 on K 1-mediated DA release from AMPH- and saline-pretreated rats. Rats were given repeated saline ( A) or AMPH
(B) as described in Materials and Methods. DA release from the striatal slices was measured in response to 50 mM KCl (closed symbols) or KRB (open
symbols) in the absence (squares) or presence (diamonds) of 10 mM KN-93. Results are reported as picomoles of DA per milligram wet weight (ww) 6
SEM (n 5 3). Statistical analyses were performed using a one-way ANOVA with Tukey–Kramer post hoc analysis on the peak AMPH response, fraction
10. A, ANOVA, p , 0.03; all values for K 1 differed from those for KRB at p , 0.05. B, ANOVA, p , 0.002; values for K 1 differed from those for KRB
at p , 0.01. In neither A nor B did values with KN-93 (KN93) differ from their respective values without KN-93.

Figure 5. The effect of Ca 21 and KN-93 on [H 3]DA uptake in AMPH-
and saline-pretreated rats. Striatal slices from saline (light gray)- and
AMPH (dark gray)-pretreated rats were incubated as indicated. Values in
the lef t-hand set of bars are those obtained when striata were incubated in
KRB lacking CaCl2. All other samples were incubated in Ca 21-
containing KRB. [ 3H]DA uptake was measured as described in Materials
and Methods. In some experiments, slices were pretreated for 15 min with
10 mM KN-93, 10 mM nomifensine (NF ), or 5 mM GBR-12935 (GBR). The
results are expressed as femtomoles of DA per milligram wet weight (ww)
of slices. Results represent the average 6 SEM of three separate exper-
iments. All values with nomifensine and GBR-12935 differed from values
without these drugs at p , 0.05.
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striatum and nucleus accumbens independently of extracellular
calcium (Kantor and Gnegy, 1998; Browman et al., 1999). The
specificity of the CaM kinase II inhibition of AMPH-mediated
DA release was examined by determining whether PKC inhibition

attenuated DA release mediated by AMPH or K1 in AMPH-
pretreated rats. Striatal slices from rats pretreated with saline or
AMPH were perfused with 1 mM Ro31-8220 for 30 min before
the bolus of AMPH or KCl. As shown in Figure 8A, Ro31-8220

Figure 6. The effect of reserpine on AMPH- and K 1-mediated DA release in saline- and AMPH-pretreated rats. Rats received repeated saline or
AMPH as described in Materials and Methods. On the ninth day after cessation of repeated saline or AMPH, rats were treated with either vehicle or
reserpine (5 mg/kg, s.c.) such that four groups were formed: saline–vehicle (S), saline–reserpine (rS), AMPH–vehicle (A), and AMPH–reserpine (rA).
Striatal slices were prepared from rats of each group, and DA release was measured in response to AMPH ( A), 50 mM KCl (K 1; B), or continued KRB
(basal release; open square). KRB values in A and B comprise the average of basal DA release data from saline, AMPH, and reserpine pretreatment that
were all the same. Results are reported as picomoles of DA per milligram wet weight (ww) 6 SEM (n 5 6). Statistical analyses were performed using
a one-way ANOVA with Tukey–Kramer post hoc analysis on the peak AMPH response, fraction 10 (n 5 3). A, DA release in response to AMPH ( filled
symbols) in saline- or AMPH-pretreated rats given vehicle (solid lines) or reserpine (dashed lines) the day before being killed (ANOVA, p , 0.0001).
In post hoc Tukey–Kramer analysis, all values differed from KRB at p , 0.01, and all saline pretreatments (S–A and rS–A) differed from all AMPH
pretreatments (A–A and rA–A) at p , 0.01. No group with reserpine pretreatment differed from the corresponding group without reserpine pretreatment
(S–A vs rS–A) and (A–A vs rA–A). B, DA release in response to K 1 ( filled symbols) in saline- or AMPH-pretreated rats given vehicle (solid lines) or
reserpine (dashed lines) the day before being killed (ANOVA, p , 0.0001). In post hoc Tukey–Kramer analysis, values from vehicle-treated rats (S–K 1

and A–K 1) differed from KRB values at p , 0.001 and from K 1 values for reserpine-treated rats at p , 0.01. Values from reserpine-pretreated rats did
not differ from KRB values (baseline).

Figure 7. The effect of KN-93 on AMPH-mediated DA release in rats treated with reserpine after previous saline and AMPH pretreatment. Rats
received repeated injections of saline ( A) or AMPH ( B) and were treated with reserpine on withdrawal day 9 as described in Materials and Methods
and the legend to Figure 6. DA release in striatal slices was measured in response to AMPH (closed symbols) or KRB (open symbols) in the absence
(squares) or presence (diamonds) of 10 mM KN-93. Results are reported as picomoles of DA per milligram wet weight (ww) 6 SEM (n 5 3). Statistical
analyses were performed using a one-way ANOVA with Tukey–Kramer post hoc analysis on the peak AMPH response, fraction 10. A, The effect of
KN-93 on basal and AMPH (A)-mediated DA release in saline (S)- and reserpine-pretreated rats. ANOVA, p , 0.0001; values with AMPH differed
from all values without AMPH at p , 0.001; values with KN-93 (KN93) were no different from that of the comparable control. B, The effect of KN-93
on AMPH-mediated DA release from AMPH- and reserpine-pretreated rats. ANOVA, p , 0.0001; all values with amphetamine were different from
those without AMPH at p , 0.01; value for AMPH 1 KN-93 differed from that for AMPH alone (KN931A vs A) at p , 0.01.
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treatment completely blocked AMPH-mediated DA release in
striatal slices from saline-pretreated rats but had only a partial
effect in AMPH-pretreated rats (Fig. 8B). On the contrary,
Ro31-8220 perfusion had no effect on K1-stimulated DA release
in either saline- or AMPH-pretreated rats. There appeared to be
a small degree of inhibition in AMPH-pretreated rats, but there
was no significant difference between K1-stimulated values in the
absence or presence of Ro31-8220. When calculated as fold
stimulation over control, the values in AMPH-pretreated rats for
K1 and K1 1 Ro31-8220 samples were 5.9 6 1.0 and 5.1 6 1.2,
respectively, again showing no significant difference.

DISCUSSION
Our results demonstrate that, after reexposure to AMPH, the
striatum from rats treated repeatedly with AMPH displayed a
DA release that was twofold higher than that from saline-treated
rats. The increase in released DA was Ca21 dependent, and the
involvement of a Ca 21- and CaM-dependent protein phosphor-
ylation was demonstrated by the ability of KN-93 to inhibit the
Ca21-dependent component. Functioning synaptic vesicles
seemed not to be integral to the enhanced AMPH-mediated DA
release. The twofold enhancement in K1-induced DA release
after repeated AMPH, although Ca 21 and vesicular dependent,
differed from the AMPH-mediated release in that it was unaf-
fected by KN-93. Similarly, there is a component of PKC depen-
dence in the AMPH-mediated DA release that is not reflected in
K1-stimulated DA release. The results concerning AMPH-
mediated DA release correspond to those of Pierce and Kalivas
(1997a) who, using microdialysis, demonstrated a Ca 21-
dependent enhancement in AMPH-induced DA release in the
nucleus accumbens of rats treated repeatedly with cocaine. Ca21

entry into the terminal and activation of Ca 21- and CaM-
dependent protein kinase activity were crucial to the enhanced
AMPH-induced DA release, but exocytosis was not. Conse-
quently, the enhancement in AMPH-induced DA release after
repeated AMPH or cocaine may involve similar mechanisms.

Vesicular involvement in enhanced AMPH-mediated
DA release
It has been postulated that the enhancement in AMPH-induced
release in cocaine- or AMPH-pretreated rats could be caused by
a redistribution of DA-containing synaptic vesicles that might
position them more closely in apposition with plasmalemmal DA
transporters (Robinson, 1991; Pierce and Kalivas, 1997b). “Leak-
age” or increased transport of DA from the vesicle could serve as
the source of the enhanced DA. In support of that hypothesis, we
found that repeated AMPH leads to a long-lasting elevation in
site 3 phosphosynapsin I in rat striatum (Iwata et al., 1996, 1997).
Dephosphosynapsin I mediates the formation of ternary com-
plexes with synaptic vesicle and actin filaments. Phosphorylation
of synapsin I at sites 2 and 3, substrate sites for CaM kinase II,
abolishes those interactions. Because synapsin I is involved in
maintaining a clustered, reserve pool of synaptic vesicles used
during high synaptic activity (Pieribone et al., 1995), it is con-
ceivable that disruption of this pool could lead to a wider distri-
bution of vesicles that could enhance the supply of DA to be
released in response to AMPH. Another role for vesicles could
involve a direct interaction of AMPH with the vesicular mono-
amine transporter VMAT2 that could increase the availability of
DA at the plasmalemma transporter. Because CaM kinase II is
located on vesicles, as well as in the cytoplasm (Dunkley et al.,
1988; Benfenati et al., 1992), vesicular CaM kinase II could be
altering AMPH action at the vesicles.

Our studies, however, suggest that synaptic vesicles do not
provide the source of DA for the enhanced AMPH response after
repeated AMPH. Reserpine pretreatment completely abolished
K1-stimulated DA release but did not affect AMPH-stimulated
DA release in the striatum of rats pretreated with either saline or
AMPH. In addition, reserpine pretreatment did not alter the
ability of KN-93 to inhibit the Ca21-dependent enhancement in
AMPH-induced DA release. Although it is possible that the
reserpine treatment did not deplete all of the vesicles, one might
expect that the responses would have been diminished if vesicles
were strongly involved in these effects. Reserpine completely

Figure 8. Effect of the PKC inhibitor Ro31-8220 on AMPH- and K 1-
mediated DA release in striatal slices from saline ( A)- and AMPH
(B)-pretreated rats. Striatal slices were incubated with 1 mM Ro31-8220
for 30 min before being given a 2.5 min bolus of KRB, 1 mM Ro31-8220
(Ro), 1 mM AMPH (A), 1 mM AMPH 1 1 mM Ro31-8220 (A1Ro), 50 mM
KCl ( K), or 50 mM KCl 1 1 mM Ro31-8220 (K1Ro). Results are
presented as picomoles of DA per milligram wet weight (ww) 6 SEM of
the peak fraction containing maximal DA (n 5 3). A, Effect of Ro31-8220
on DA release in saline-pretreated rats. ANOVA for AMPH-mediated
DA release and controls, p , 0.0001. a, In post hoc Tukey–Kramer tests,
A differs from KRB, Ro, and A1Ro samples at p , 0.01. ANOVA for
K 1-mediated DA release and controls, p , 0.0001. b, K differs from KRB
and Ro samples at p , 0.001. B, Effect of Ro31-8220 on DA release in
AMPH-pretreated rats. ANOVA for AMPH-mediated DA release and
controls, p , 0.0008. a, In post hoc Tukey–Kramer tests, A differs from
KRB and Ro at p , 0.01 and from A1Ro at p , 0.05. ANOVA for
K 1-mediated DA release and controls, p , 0.0003. b, K differs from KRB
and Ro at p , 0.001 and from K1Ro at p , 0.01. KRB differs from K1Ro
at p , 0.05. c, In comparison of saline pretreatment ( A) versus AMPH
pretreatment (B), saline–AMPH samples differ from AMPH–AMPH
samples at p , 0.02 by Student’s t test. d, Saline–K 1 samples differ from
AMPH–K 1 samples at p , 0.01 by Student’s t test.
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ablated [3H]tetrabenazine binding to VMAT2 in rat striatum 1 d
after injection, suggesting that vesicles are not functional (Nau-
don et al., 1995). Therefore, the synaptic vesicles do not seem to
be the source of the increased DA released by AMPH through
the transporter. The possibility that a vesicular CaM kinase II or
a vesicular substrate for the enzyme is important for the process
independent of active VMAT2 cannot be discounted, however.
Our conclusion is predicated on the use of a relative low dose of
AMPH, 1 mM, as our challenge dose. There is increasing vesicular
involvement in AMPH-mediated DA release as the dose of
AMPH is increased (Seiden et al., 1993). Had we used higher
doses of AMPH, such as 100 mM, at which vesicles play a prom-
inent role in the amount of DA released (Sulzer et al., 1995), no
doubt a vesicular involvement would have been detected. How-
ever, we have demonstrated a sensitized DA release in response
to 1 mM AMPH that remained unaltered by pretreatment with
reserpine. Therefore the enhanced AMPH-mediated DA release
after repeated AMPH is not dependent on functioning synaptic
vesicles.

Role of CaM kinase II in enhanced AMPH-mediated
DA release
The most parsimonious conclusion to explain the enhanced
AMPH-induced DA release is that intraterminal CaM kinase II
activity is maintaining phosphorylation of a substrate that en-
hances outward transport. We demonstrated that CaM kinase II
activity is enhanced in striatal synaptosomes after repeated
AMPH and that enhanced AMPH-induced DA release can be
demonstrated in the synaptosomes (Iwata et al., 1997). The CaM
kinase II activity is likely ongoing because the inhibitor KN-93
was readily effective. The nature of the substrate is unknown. It
could be an ion channel or cytoskeletal protein affecting trans-
porter function, or it could be the plasmalemmal DA transporter
itself. The DA transporter from both rat and human contains a
consensus sequence for CaM kinase II (Giros and Caron, 1993).
Whatever the substrate, the modification is such that it affects
primarily outward-directed transporter function. Because there is
no change in basal DA release, the modification is unlikely to
involve a global alteration in ion gradients such as that an inhi-
bition of Na1,K1-ATPase would provide but could involve an
AMPH-mediated effect on an ion gradient. Interestingly,
ouabain-stimulated DA release from rat striatum is also en-
hanced after repeated AMPH (Kanzaki et al., 1992). The mod-
ification leading to the enhanced transporter-mediated DA re-
lease did not alter all transporter functions. We and others
(Kuczenski and Segal, 1988) have found no change in DA uptake
after repeated AMPH, showing that inward transport was unal-
tered. Ca21 did not affect uptake in either saline- or AMPH-
pretreated rats. This is in contrast to the report of Uchikawa et al.
(1995) who found that Ca21 and CaM increased [3H]DA uptake
in naive rats. We also found that neither Ca 21 (data not shown)
nor repeated AMPH altered the ability of maximal concentra-
tions of the uptake blockers nomifensine and GBR-12935 to
inhibit DA uptake. In microdialysis studies, Pierce and Kalivas
(1997a) reported that levels of extraterminal DA in response to
GBR-12909 were enhanced after repeated cocaine. This could be
caused by the increase in exocytotic, impulse-dependent DA
release occurring after repeated AMPH rather than by an altered
effect of GBR-12909 on the DA transporter.

It is possible for a modification to affect outward transport
through the plasmalemmal DA transporter without substantively
altering inward transport. We found that selective inhibitors of

protein kinase C blocked AMPH-mediated DA release in the
striatum and nucleus accumbens from naive animals (Kantor and
Gnegy, 1998; Browman et al., 1999) but slightly increased
[ 3H]DA uptake (Kantor and Gnegy, 1998). Although the selec-
tive PKC inhibitor Ro31–8220 completely blocked AMPH-
mediated DA release from naive (Kantor and Gnegy, 1998;
Browman et al., 1999) and saline-pretreated rats (this study), this
inhibitor only partially attenuated AMPH-mediated DA release
from AMPH-pretreated rats. Inhibition of AMPH-induced DA
release by the PKC inhibitors is entirely independent of extracel-
lular calcium (Kantor and Gnegy, 1998). Thus the Ca21-sensitive
and -insensitive phases of AMPH-induced DA release in
AMPH-pretreated rats seem to be separable and controlled by
different protein kinase mechanisms.

Enhanced K1-mediated DA release
Repeated AMPH also led to an increase in depolarization-
mediated, vesicular-dependent exocytotic release (this study)
(Castañeda et al., 1988). Possible explanations for an increase in
K1-evoked DA release are (1) movement of vesicles from a
reserve to a more readily releasable pool, (2) an increase in the
number of vesicles, (3) alteration in a plasmalemmal or vesicular
membrane protein that heightens exocytosis, or (4) altered Ca21

channel activity leading to increased intracellular Ca21. The
increase we reported in site 3 phosphosynapsin I (Iwata et al.,
1996) could conceivably contribute to an increase in the readily
releasable vesicular pool because it could decrease the attachment
of vesicles to a confining cytoskeleton. On the other hand, KN-93
did not block K1-stimulated DA release, suggesting that ongoing
Ca21 and CaM protein phosphorylation does not modulate the
depolarization-enhanced release. It is unlikely that the total num-
ber of vesicles increased because we found no change in total
synapsin I (Iwata et al., 1996), which seems to be a component of
every vesicle, including dopaminergic vesicles, in the striatum
(Greengard et al., 1994). Although the increase in site 3 phos-
phosynapsin I could contribute to increased exocytotic release of
DA, it is unclear whether the increase is in dopaminergic vesicles.
A more probable option is that there is an increase in Ca 21

availability through Ca21 channels that could lead to increased
exocytotic release. Our results further suggest that ongoing PKC
activity is not instrumental in mediating enhanced K1-induced
DA release after repeated AMPH.

Conclusion
We have demonstrated that repeated AMPH treatment leads to
an increase in DA released in response to AMPH and K1

depolarization. Although the increased DA released in response
to both stimuli was Ca21 dependent, our experiments suggested
that a Ca21- and CaM-dependent phosphorylation was critical
for the enhanced release by AMPH but not for that released by
depolarization. On the contrary, the depolarization-mediated DA
release was entirely vesicular, whereas vesicles were not required
for the AMPH-mediated release. The results suggest that a
CaM-dependent phosphorylation of a protein, perhaps the plas-
malemma DA transporter itself or a membrane protein affecting
the transporter function, could be responsible for the enhanced
AMPH-induced release.
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