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ess Is More: Antipsychotic Drug Effects Are Greater
ith Transient Rather Than Continuous Delivery

nne-Noël Samaha, Greg E. Reckless, Philip Seeman, Mustansir Diwan, José N. Nobrega, and
hitij Kapur

ackground: Most studies on the effects of antipsychotics focus on achieving threshold levels of the drug. The speed and frequency with
hich drug concentrations reach threshold levels and rise and fall within the day are generally ignored. Based on prior data, we predicted

hat variations in the within-day kinetics of antipsychotic drug delivery would produce different outcomes, even if we held achieved dose,
oute, and total duration of treatment constant.

ethods: We compared the effects of within-day continuous (via minipump) versus transient (via subcutaneous injection) haloperidol
reatment (n � 4 –9/condition/experiment) at doses that yield equivalent peak levels of striatal D2 receptor occupancy (�74%).

esults: Over time, transient haloperidol gained efficacy, while continuous haloperidol lost efficacy in two animal models of antipsychotic-
ike effects (the suppression of amphetamine-induced locomotion and conditioned avoidance responding). This was related to the fact that
ontinuous treatment led to a greater increase in striatal D2 receptor numbers—particularly D2 receptors in a high-affinity state for
opamine—relative to transient treatment and produced behavioral dopamine supersensitivity (as indicated by an enhanced locomotor

esponse to amphetamine following antipsychotic treatment cessation). Treatment kinetics also influenced the postsynaptic response to
aloperidol. Transient treatment increased striatal c-fos messenger RNA (mRNA) expression, while continuous treatment did not.

onclusions: Relative to continuous antipsychotic exposure, within-day transient exposure is more efficacious behaviorally and is associ-
ted with a distinct molecular and gene expression profile. Thus, differences in the within-day kinetics of antipsychotic treatment can have

ifferent efficacy, and the potential clinical implications of this should be explored further.
ey Words: Antipsychotics, conditioned avoidance, D2 receptors,
opamine, kinetics, supersensitivity

n the study of drug action, considerable attention is given to
drug dose and the crossing of certain “threshold” levels of
receptor occupancy (1). The kinetics of drug delivery are

ften regarded as secondary, simply a means to provide target
evels of drug and receptor occupancy. This assumption is likely
rong. Independent of current drug levels, drug kinetics (i.e.,

he speed with which drug levels rise and the number of times
hey rise and fall in the day) are just as important in determining
utcome. For example, withdrawal from continuous (via osmotic
inipump) rather than transient (via daily subcutaneous injec-

ion) raclopride treatment more readily induces tolerance to the
otor suppressant effects of raclopride and locomotor supersen-

itivity to amphetamine, even when transient treatment leads to
arkedly higher peak levels of striatal D2 receptor blockade (2).

imilarly, continuous haloperidol or olanzapine treatment (via
inipump) increases the likelihood of vacuous chewing move-
ents (an animal model of tardive dyskinesia) relative to tran-

ient treatment (via subcutaneous injection), even when the latter
eads to higher peak levels of D2 blockade (3,4,5).
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These and other findings (6-8) suggest that some of the
antidopaminergic effects of antipsychotics are determined as
much by the kinetics of receptor occupancy as by the peak levels
of drug or receptor occupancy achieved. However, several issues
confound the interpretation of these studies. First, the kinetics of
drug delivery are confounded with dose in some studies (8) and
duration of treatment in others (6). Second, most studies have
investigated the effects of drug delivery kinetics on the period
following withdrawal from antipsychotics (2,7,8). The more
relevant clinical question concerns the effects of drug delivery
kinetics while the drug is being taken, not after. To our knowl-
edge, only Carey and DeVeaugh-Geiss (6) and Turrone et al.
(3,4) measured antipsychotic effects without an overt withdrawal
period. However, both measured indices of motor side effects
rather than antipsychotic efficacy (spontaneous locomotion and
extrapyramidal side effects, respectively). Thus, it remains to be
determined whether the kinetics of antipsychotic treatment can
influence antipsychotic efficacy.

In the current studies, therefore, we asked a simple question:
If one holds the achieved dose, route, and total duration of
antipsychotic drug treatment constant but varies the within-day
kinetics of treatment, can one get differential drug effects? We
found this to be the case. Remarkably, within-day transient
antipsychotic treatment was much more effective than continu-
ous treatment, even when we tested a 10 fold lower dose. We
then investigated potential mechanisms and found that the
kinetics of antipsychotic treatment influence 1) the number and
sensitivity of striatal D2 receptors, and 2) the postsynaptic
response to antipsychotic, as measured by induction of messen-
ger RNA (mRNA) for the immediate early gene c-fos.

Methods and Materials

Male Sprague Dawley rats (Charles River Laboratories, Mon-
treal, PQ, Canada) weighing 225 g to 250 g were housed two per

cage in a climate-controlled colony room with a 12-hour reverse
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ight/dark cycle (lights off at 8:00 AM). Food and water were
vailable ad libitum. All testing was conducted during the dark
hase of the animals’ circadian cycle and was in compliance with
he institute’s animal care committee.

rugs
Haloperidol (HAL; .05 or .5 mg/kg/day via minipump or .05

g/kg/day via subcutaneous [SC] injection) (Sabex Inc., Bouch-
rville, PQ, Canada) was dissolved in a .5% glacial acetic
cid/water (H2O) solution (pH adjusted to �5 with sodium
ydroxide [NaOH]) for treatment via minipump (Alzet model
ML2, 19-day drug delivery according to the manufacturer,
urect Corporation, Cupertino, California) and was dissolved in
0 mmol/L phosphate buffered saline (PBS) for treatment via
ubcutaneous injection. D-amphetamine sulfate (AMPH; 1.5 mg/
g) (US Pharmacopoeia, Rockville, Maryland) was dissolved in
9% saline and given SC (1 mL/kg).

ationale for Doses and Modes of Haloperidol Administration
The goal of the present set of experiments was to examine the

ontributions of the kinetics of antipsychotic drug delivery (i.e.,
aintaining continuous versus transiently high levels of drug
ithin the day) to the neurobehavioural response to antipsy-

hotic using equivalent and clinically representative doses.
ositron-emission tomography (PET) studies in humans suggest
hat therapeutically efficacious doses of antipsychotic that do not
lso significantly increase the risk of motor side effects yield
etween 65% and 80% striatal D2 receptor occupancy (9-11).
imilarly, doses of antipsychotic that disrupt conditioned avoid-
nce responding (a widely used index of antipsychotic-like
fficacy in animals) in animals without inducing catalepsy (a
odel of extrapyramidal side effects [EPS]) also occupy between

0% and 80% striatal D2 receptors (12,13).
In rats, HAL treatment via minipump leads to continuously

igh levels of D2 receptor occupancy (14,15), whereas HAL
iven via SC injection leads to only transiently high occupancy,
hich is greatly reduced 24 hours after injection (14). Therefore,
e varied the kinetics of antipsychotic treatment by administer-

ng HAL via osmotic minipump or SC injection. To hold achieved
ose/peak levels of D2 receptor occupancy constant, we se-
ected doses that would achieve equivalent and therapeutically
eaningful peak levels of striatal D2 receptor blockade under

he two treatment conditions. Thus, we administered .5 mg/kg/
ay HAL via minipump (73% � 14 SD striatal D2 receptor
ccupancy) (A-N. Samaha, PhD; G.E. Reckless, B.Sc; S. Kapur,
D, PhD; unpublished observations; February 16, 2006) and .05
g/kg/day via SC injection (74% � 7 SD striatal D2 receptor
ccupancy 2 hours postinjection and 19% � 31 SD striatal D2
eceptor occupancy 24 hours postinjection) (14). We also in-
luded a group of rats treated with .05 mg/kg/day HAL via
inipump (41% � 16 SD striatal D2 receptor occupancy) (14) to
xamine the effects of drug delivery kinetics while holding dose
onstant. Thus, four groups were generated: two groups receiv-
ng .05 mg/kg HAL either via daily SC injection (HAL-TRANS) or
inipump (HAL-.05 CONT), a group receiving .5 mg/kg via
inipump (HAL-.5 CONT), and a vehicle control group (VEH).

reatment
Under 1.5% isoflurane anesthesia, HAL-.5 CONT and HAL-.05

ONT rats were implanted with minipumps containing HAL as
escribed previously (15). The HAL-TRANS and VEH animals
eceived sham surgery, which consisted of an incision that was

hen closed with wound clips. Starting 1 day later, animals in the

ww.sobp.org/journal
HAL-TRANS group were injected with HAL once a day. All
remaining animals were injected with VEH once a day. Thus, all
animals were subjected to equivalent surgical, handling, and
injection procedures.

Experiment 1: Behavioral Sensitivity to AMPH as a Function
of Mode of HAL Administration

In Experiment 1, we assessed the effects of the mode of HAL
treatment on the locomotor response to AMPH over time.

Apparatus. The locomotor response to AMPH (1.5 mg/kg,
SC) was assessed in clear Plexiglas cages (27 � 48 � 20 cm) as
described previously (15).

Groups and Procedures. As illustrated in Figure 1, AMPH-
induced locomotion was assessed on the 2nd and 12th days of
treatment in independent groups of animals (n � 8/group/day).
The animals that were tested on day 12 continued to receive
neuroleptic or VEH treatment for an additional 7 days (until day
19, at which time the minipumps in the HAL-CONT groups were
empty of drug solution) and their locomotor response to AMPH
was again assessed on the seventh day following HAL treatment
cessation (day 26). On test days, animals were brought to the
locomotor activity room and animals in the HAL-TRANS group
were injected (SC) with HAL and animals in the other groups
received VEH injections. The animals were then placed in the
locomotor activity cages and locomotor activity was monitored
for 30 min. Animals were then injected with AMPH and locomo-
tor activity was recorded for 60 min.

Experiment 2: Conditioned Avoidance Responding
In Experiment 2, we monitored the effects of the mode of HAL

treatment on the avoidance response to a conditioned aversive
stimulus over time.

Procedures. Rats were trained and tested in two-way active
avoidance shuttle boxes as described previously (15). Each
conditioned stimulus presentation was immediately followed by
foot shock. Movement to the other compartment during the 10
sec conditioned stimulus presentation was recorded as “avoid-
ance.” Spontaneous movement to the other compartment was
recorded as “crossover.” Fifty-four naïve rats were trained once a
day for a total of 9 days. Animals that reached a training criterion
of �80% avoidance on days 8 and 9 (36 out of 54 rats) were
randomly assigned to the HAL-TRANS, HAL-.05 CONT, HAL-.5
CONT, or VEH condition (n � 9 per group). Starting on day 3 of
treatment, the same animals were tested for conditioned avoid-
ance responding (CAR) once a day for 5 consecutive days (i.e.,
until day 7 of treatment) and then on days 10, 12, 14, and 16 of
treatment using the same procedures as during training, includ-
ing presentation of the foot shock. Testing was conducted 1 hour
after VEH or HAL injections. On days when no testing occurred,

Figure 1. Graphical depiction of the sequence of treatment and testing for
Experiment 1, where the effects of HAL on amphetamine-induced locomo-
tion were assessed on the 2nd and 12th days of neuroleptic treatment as
well as on the 7th day following neuroleptic cessation. HAL, haloperidol.
animals were injected in their home cages.
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xperiment 3: D2 Receptor Binding Capacity and Guanine
ucleotide-Sensitive D2High Receptors

In Experiment 3, we quantified changes in the density of
triatal D2 receptors and D2 receptors in a high-affinity state for
opamine (D2High) as a function of HAL treatment kinetics.
ecause administration of .05 mg/kg/day HAL via minipump
HAL-.05 CONT) had no effect in either Experiment 1 or 2, this
xperimental group was not included in either Experiment 3 or 4.

Procedures. On the 12th day of treatment, rats from the
AL-TRANS, HAL-.5 CONT, and VEH groups were sacrificed by
arbon dioxide (CO2) narcosis 4 hours after their injection and
heir striata were dissected and stored at �70°C until use. The
D2High states were measured using [3H](�)PHNO, a D2 agonist,
using procedures described in Samaha et al. (15).

Experiment 4: C-fos mRNA Expression
In Experiment 4, we examined the effects of HAL treatment

kinetics on the postsynaptic response to the antipsychotic using
the immediate early gene c-fos. This study was conducted using
a subset of the rats that had been tested in Experiment 2.

Procedures. On the 17th day of treatment, rats in the HAL-
TRANS group were injected with HAL and rats in the HAL-.5 CONT
and VEH groups were injected with VEH in their home cages. Thus,
injection and handling procedures were equivalent across groups
prior to collection of the brains for c-fos mRNA measurement.
Ninety minutes following the injection, animals were sacrificed by
live decapitation. Their brains were removed, frozen rapidly in
isopentane on dry ice, and stored at �80°C until processing.

In Situ Hybridization. The in situ hybridization and quanti-
fication procedures are described in Supplement 1. C-fos mRNA
levels were quantified in the anterior cingulate, prelimbic, infral-
imbic, and somatosensory cortices; the nucleus accumbens core
and shell; and four subdivisions of the caudate-putamen (dorso-
medial [DM], dorsolateral [DL], ventromedial [VM], and ventrolat-
eral [VL] quadrants). Anatomical regions were identified accord-
ing to the atlas of Paxinos and Watson (16). Sections were
analyzed without awareness of group membership.

Results

Experiment 1: Effects of the kinetics of HAL Treatment on
Behavioral Sensitivity to AMPH Over Time

In Experiment 1, we examined the effects of the kinetics of
chronic antipsychotic drug administration (achieved by adminis-
tering HAL via minipump or daily SC injection) on the suppres-
sion of AMPH-induced locomotion over time. The locomotor
response to AMPH in the HAL-.05 CONT rats was not different
from control animals at any time point tested. Early in treatment
(day 2; Figure 2A), AMPH-induced locomotion was suppressed
in both the HAL-.5 CONT and HAL-TRANS groups to a similar
degree. With continued treatment (day 12; Figure 2B), suppres-
sion of AMPH-induced locomotion was maintained in the HAL-
TRANS group (59% suppression relative to vehicle control ani-
mals, �4 SEM) but not in the HAL-.5 CONT group. On the
seventh day of HAL withdrawal (Figure 2C), HAL-.5 CONT
animals displayed a potentiated locomotor response to AMPH
relative to control animals (55% greater locomotion � 14.9 SEM),

Figure 2. The effects of chronic and continuous (HAL-.05 CONT and HAL-.5
CONT; .05 or .5 mg/kg/day, respectively) versus chronic and transient (HAL-
TRANS; .05 mg/kg/injection) haloperidol treatment on the locomotor re-
sponse to amphetamine (1.5 mg/kg/injection) on the 2nd (A) and 12th (B)
days of neuroleptic treatment and on the 7th day following neuroleptic
cessation (C). n’s � 8 per condition. The locomotor response to amphet-
amine in the HAL-.05 CONT group was not different from the vehicle group
at any time point tested (all p’s � .05). In (A), the locomotor response to
amphetamine is suppressed in both the HAL-.5 CONT and HAL-TRANS
groups relative to the vehicle group [one-way ANOVA on total locomotion
from minutes 40 to 90, followed by Tukey’s multiple comparison tests;
F(3) � 14.8, all p’s � .05]. In (B), the locomotor response to amphetamine is
suppressed in the HAL-TRANS group but not the HAL-.5 CONT group relative to
vehicle [F(3) � 8.2, all p’s � .05]. In (C), the locomotor response to amphetamine
is greater in the HAL-.5 CONT group relative to the vehicle [F(3) � 3.77], HAL-.05
CONT, and HAL-TRANS groups (all p’s � .05). ANOVA, analysis of variance;
HAL-.05 CONT, group receiving .05 mg/kg haloperidol via minipump; HAL-.5
CONT, group receiving .5 mg/kg haloperidol via minipump; HAL-TRANS, group

receiving .05 mg/kg haloperidol via daily subcutaneous injection.

www.sobp.org/journal
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AL-.05 CONT (68% greater locomotion � 16.1 SEM), and
AL-TRANS animals (61% greater locomotion � 15.4 SEM).
he HAL-TRANS animals were not different from control animals.
hus, the HAL-.5 CONT group but not the HAL-TRANS group
eveloped dopamine supersensitivity.

xperiment 2: Effects of the Kinetics of HAL Treatment on
onditioned Avoidance Responding

In Experiment 2, we measured the effects of the kinetics of
hronic antipsychotic drug treatment on the avoidance response
o an aversive conditioned stimulus over time. There was no
ffect of HAL in the HAL-.05 CONT rats at any time point tested
Figure 3). Conditioned avoidance responding was initially sup-
ressed in both the HAL-TRANS and HAL-.5 CONT groups
elative to predrug (day 0) and control levels and suppression
as greater in the HAL-TRANS group. In the HAL-.5 CONT
roup, CAR suppression peaked on the 10th day of treatment
60% suppression of CAR compared with control animals, � 10.8
EM) but diminished over time, such that by the last day of
esting CAR was only suppressed by 24% (� 9 SEM). In the
AL-TRANS group, CAR suppression peaked on the 12th day of

reatment (98% � 1.2 SEM) and did not diminish thereafter. There
as no effect of treatment condition on spontaneous movement
etween compartments during testing (crossovers) on any testing
ay (data not shown). Thus, the effects of treatment condition on

igure 3. The effects of chronic and continuous (HAL-CONT; .05 or .5 mg/
g/day) versus chronic and transient (HAL-TRANS; .05 mg/kg/injection) hal-
peridol treatment on conditioned avoidance responding over time. n’s � 9
er condition. In the first days of testing, avoidance responding is sup-
ressed in both the HAL-TRANS and HAL-.5 CONT groups relative to predrug

day 0) and vehicle control levels [two-way ANOVAs, main effect of group;
AL-TRANS vs. VEH, F(1,16) � 538.7; HAL-.5 CONT vs. VEH, F(1,16) � 16.7,
’s � .001) and suppression is greater in the HAL-TRANS group [F(1,16) �
7.7, p � .001]. Over time, the disruption of avoidance responding lessened

n the HAL-.5 CONT group [group by day interaction from day 10 to 16, F(1,3) �
.9, p � .0001] but is maintained in the HAL-TRANS group. The HAL-.05
ONT group is not different from the vehicle group at any time point tested

p � .05). ANOVA, analysis of variance; HAL-.05 CONT, group receiving .05
g/kg haloperidol via minipump; HAL-.5 CONT, group receiving .5 mg/kg

aloperidol via minipump; HAL-TRANS, group receiving .05 mg/kg haloper-
dol via daily subcutaneous injection; VEH, vehicle control group.
AR over time are unlikely to be due to impaired movement.

ww.sobp.org/journal
Experiment 3: Effects of the Kinetics of HAL Treatment on
Striatal D2 Receptor Bmax and Guanine Nucleotide-Sensitive
D2High States

In Experiment 3, we measured changes in striatal D2 receptor
number and sensitivity on the 12th day of ongoing treatment with
HAL via minipump or SC injection. The D2 receptor Bmax was
increased by 112% (� 14.2 SEM) in the HAL-.5 CONT group
compared with vehicle (Figure 4A). Although D2 receptor den-
sity in the HAL-TRANS group was 45% (� 16.3 SEM) higher than
that seen in the VEH group, this difference did not reach
statistical significance.

The kinetics of antipsychotic treatment also influenced striatal
D2High density (Figure 4B). Compared with VEH animals, both
the HAL-TRANS and HAL-.5 CONT groups had elevated levels of
D2High sites (168% elevation � 61 SEM and 490% elevation � 19
SEM, respectively). However, this increase was greater in the
HAL-.5 CONT group relative to the HAL-TRANS group.

Experiment 4: Effects of the Kinetics of HAL Treatment
on c-fos mRNA Expression

As illustrated in Figure 5, c-fos mRNA levels were greater in
the HAL-TRANS group relative to either the HAL-.5 CONT or VEH
groups in all subdivisions of the caudate-putamen with the
exception of the VM subdivision, where no comparisons were
significant. There was no effect of HAL treatment mode on c-fos
mRNA levels in the anterior cingulate, prelimbic, infralimbic, or
somatosensory cortices or in the nucleus accumbens core and
shell (in this latter region, c-fos mRNA expression was greater

Figure 4. The effects of chronic and continuous (HAL-.5 CONT; .5 mg/kg/
day) versus chronic and transient (.05 mg/kg/injection; HAL-TRANS) halo-
peridol treatment on striatal dopamine D2 receptor binding (A) and D2
High density (B). n’s � 9 per condition. Relative to vehicle levels, D2 receptor
Bmax is significantly elevated in the HAL-.5 CONT group (A) [one-way
ANOVA followed by Tukey’s multiple comparison test; F(2) � 7.1, all p’s �
.05] but not the HAL-TRANS group. Relative to vehicle levels, D2High density
is elevated in both the HAL-TRANS and HAL-.5 CONT groups [one-way
ANOVA followed by Tukey’s multiple comparison tests; F(2) � 27.3, all p’s �
.05), but this elevation is greater in the HAL-.5 CONT group relative to the
HAL-TRANS group (p � .05). ANOVA, analysis of variance; HAL-.5 CONT,
group receiving .5 mg/kg haloperidol via minipump; HAL-TRANS, group

receiving .05 mg/kg haloperidol via daily subcutaneous injection.
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n the HAL-.5 CONT than in the HAL-TRANS condition;
owever, neither group was different from vehicle control

igure 5. The effects of chronic and continuous (HAL-.5 CONT; .5 mg/kg/
ay) versus chronic and transient (HAL-TRANS; .05 mg/kg/injection) halo-
eridol treatment on c-fos mRNA expression in the (A) dorsomedial (DM),

B) dorsolateral (DL), (C) ventromedial (VM), and ventrolateral (D) (VL) quad-
ants of the caudate-putamen (CPu). Also included are representative den-
itograms illustrating c-fos mRNA density in the three treatment groups and
n illustration of how the CPu was subdivided for quantification. n’s � 4 per
ondition. c-fos mRNA levels were elevated in the HAL-TRANS group compared
ith either the HAL-.5 CONT or VEH groups in all subdivisions of the CPu

one-way ANOVA followed by Tukey’s multiple comparison tests; DM, F(2) �
.9; DL, F(2) � 14.62, VL, F (2) � 19.28; all p’s � .05] with the exception of the VM
Pu, where no comparisons were statistically significant. ANOVA, analysis of
ariance; CPu, caudate-putamen; DL, dorsolateral; DM, dorsomdial; HAL-.5
ONT, group receiving .5 mg/kg haloperidol via minipump; HAL-TRANS, group

eceiving .05 mg/kg haloperidol via daily subcutaneous injection; mRNA, mes-
enger RNA; VEH, vehicle control group; VL, ventrolateral; VM, ventromedial.
nimals; Table 1).
Discussion

We show here that chronic treatment with an antipsychotic,
using the same achieved dose and route of administration but
different treatment kinetics (i.e., within-day continuous versus
transient), leads to tolerance to ongoing antipsychotic treatment
in one case and progressively increasing efficacy in the other.
Transient treatment was more effective than continuous treat-
ment even when a 10-fold lower dose was administered using
the transient mode, thus producing greater efficacy with lesser
drug. This difference in efficacy was observed using two com-
monly used convergent (one behavioral and one pharmacolog-
ical) models of antipsychotic-like efficacy in animals, the condi-
tioned avoidance responding and amphetamine-induced
locomotion tests, respectively. Within-day transient and con-
tinuous antipsychotic treatment led to different outcomes in spite
of equivalent peak levels of striatal dopamine D2 receptor occu-
pancy. This suggests that a within-day rise and fall in antipsychotic
drug levels preserves/enhances the efficacy of ongoing treatment
relative to continuously high levels of antipsychotic.

Disruption of amphetamine-induced locomotion is not a
property that is exclusive to antipsychotic compounds. However,
it is a reliable and commonly used test to assess the antidopam-
inergic efficacy of antipsychotics (17,18). As regards antipsycho-
tic-induced disruption of conditioned avoidance responding, it is
not completely clear how the avoidance response to an aversive
stimulus (an adaptive response) in rats might relate to psychosis
in humans (19). Nonetheless, from an empirical perspective, the
conditioned avoidance responding model shows very high pre-
dictive validity for antipsychotic activity (20). All clinically effec-
tive antipsychotics selectively disrupt conditioned avoidance
responding at doses that do not alter unconditioned escape
responses, and antipsychotic effects in this test are positively
correlated with clinical antipsychotic potency (21–23). In the
present studies, transient treatment was superior to continuous
treatment in these two widely used and validated animal models
of antipsychotic-like efficacy, and the effects were robust and
consistent across paradigms and across independent groups of
animals. Nevertheless, it is possible that these models are not
complete predictors of antipsychotic-like efficacy, and future
studies might extend the current findings to other behavioral
paradigms such as prepulse inhibition, latent inhibition, and/or
phencyclidine (PCP)-induced or apomorphine-induced psy-
chomotor activation.

We have shown previously that the loss of efficacy that occurs
during continuous antipsychotic treatment is linked to increases
in the density of striatal D2 receptors and D2 receptors in a
high-affinity state for dopamine (15). We replicate and extend
these findings here by showing that compared with continuous
antipsychotic treatment, transient treatment does not significantly
alter D2 Bmax (although there was a trend toward an increase)
and leads to a smaller elevation in D2High density. These results
suggest that if the kinetics of treatment lead to a certain threshold
level of D2 and D2High upregulation, dopamine supersensitivity
and a loss of antipsychotic efficacy will be observed. However,
behavioral dopamine supersensitivity can be dissociated from
changes in D2 receptor number (15,24,25). In contrast, dopa-
mine supersensitivity induced by a variety of genetic, pharma-
cological, and environmental manipulations is consistently
linked to elevations in striatal D2High levels (15,26,27).

Changes in the proportion of D2High receptors in striatal cells
might lead to changes in intracellular function. Chronic exposure

to transient haloperidol (via daily systemic injection) induces

www.sobp.org/journal
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RNA expression of the immediate early gene c-fos in several
rain regions, including the caudate-putamen (though c-fos
evels are lower than those seen when the neuroleptic is given
or the first time) (28–31). We show here that transient but not
ontinuous haloperidol treatment increases striatal c-fos mRNA
xpression. This finding is in contrast to the effect on D2High

evels, but it is consistent with the effects on behavior, where
ransient but not continuous treatment increased antipsychotic
fficacy over time. It has been suggested that antipsychotic-
nduced elevations in Fos activity might be associated with
reater propensity for extrapyramidal side effects (32). However,
e measured catalepsy (an animal model of EPS) on days 2 and
2 of haloperidol treatment and no catalepsy was found in any
roup (data not shown). This is consistent with findings that
aloperidol doses �.1 mg/kg via SC injection do not produce
atalepsy (21) and that striatal Fos activation and EPS liability can
e dissociated (13,32,33). Although the mechanisms by which
aloperidol increases striatal c-fos mRNA levels remain to be
dentified, acute haloperidol treatment increases striatal dopa-
ine levels (34–36) and this might contribute to c-fos mRNA

nduction. However, chronic haloperidol treatment (either via
inipump, the drinking water, or daily SC injection) decreases

triatal dopamine levels (15,37–41), suggesting that nondopam-
nergic mechanisms might be involved. One candidate is gluta-
ate, which remains elevated in the striatum during chronic
aloperidol treatment (42–44) and is involved in antipsychotic-
nduced striatal c-fos expression (45–47). Whatever the underly-
ng mechanisms, the positive correlation between c-fos mRNA
xpression and antipsychotic efficacy suggests that gene regula-
ion might be a step in a chain of intracellular events that
ontribute to and/or maintain antipsychotic efficacy over time.

Why might continuous but not transient antipsychotic treat-
ent promote a loss of antipsychotic efficacy over time? One
ossibility is that by disrupting normal dopamine function on a
ontinual basis, continuous antipsychotic exposure elicits com-
ensatory responses, including an upregulation of D2High recep-
ors, which lead to dopamine supersenstivity. This, in turn,
ould overwhelm the antidopaminergic effects of ongoing anti-
sychotic treatment. In contrast, when dopamine antagonism is
igh for only part of the day, the dopamine signaling that occurs
n between dopamine blockade peaks might be sufficient to
revent such compensatory changes from occurring and even
voke sensitizing neuroadaptations that gradually enhance anti-
sychotic efficacy. Indeed, more than 25 years ago, Post (48)
mphasized the importance of the kinetics of stimulation by
rugs or other stimuli in “. . . determining the direction and

able 1. The Effects of Chronic and Continuous Versus Chronic and Transie
relimbic, Infralimbic, and Somatosensory Cortices and the Nucleus Accum

AC Cortex PL Cortex IL

EH 26.1 � 2.3 25.4 � 2.4 18
AL-.5 CONT 23.7 � 2.8 23.3 � 4.2 16
AL-TRANS 29.3 � 2.0 25.6 � 1.5 17

Values � mean � SEM.
HAL-.5 CONT: .5 mg/kg/day.
HAL-TRANS: .05 mg/kg/injection.
n’s � 4 per condition.
AC, anterior cingulate; HAL-.5 CONT, group receiving chronic and con

eceiving chronic and transient treatment of .05 mg/kg haloperidol via dai
ccumbens; PL, prelimbic; SS, somatosensory; VEH, vehicle control group.

a�HAL-TRANS.
agnitude of adaptive response following repeated presenta-
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tion.” In support of this, intermittent psychostimulant drug
exposure leads to psychomotor sensitization while continuous
exposure leads to tolerance (49–54). In the 6-hydroxydopamine
lesion model of Parkinson’s disease, intermittent levodopa treat-
ment preferentially induces sensitization of rotational behavior
compared with continuous treatment (55–57). Finally, even very
small differences in the kinetics of drug delivery can have large
effects on the neurobehavioral response to addictive drugs
(58–61). Thus, the kinetics of drug delivery are important in
considering the effects of many drugs, in many contexts, and
certainly within the dopamine system.

The current findings challenge the assumption that high levels
of antipsychotic/D2 receptor occupancy need to be maintained
continuously to maintain efficacy. How do these findings fit with
clinical data on intermittent medication? Intermittent medication
strategies have often resulted in increased relapse rates in
patients (62–68). However, intermittent treatment is often
achieved by alternating between periods of treatment and rela-
tively long drug-free periods (lasting up to months). So, while
there can be little doubt that there must be a “breakpoint” where
if occupancy has been low enough for long enough efficacy will
be lost, it might also be the case that continuous occupancy (due
to its induction of dopamine supersensitivity) is less than opti-
mal. It is possible that intermittent administration with shorter
interdosing intervals (as modeled here with daily subcutaneous
injections) might be more effective. This possibility has been
examined in a recent study that has demonstrated that dosing
every 2 to 3 days might be sufficient to maintain antipsychotic
efficacy in patients with schizophrenia (69). Taken in the context
of these recent clinical findings, our results suggest that transient
but regular antipsychotic treatment approaches need to be
investigated further. However, it is important to note that the
possibility that continuous treatment (e.g., via depot antipsy-
chotic) might induce some neuroadaptations that could be of
benefit to some patients cannot be ruled out completely.

One potential limitation of the present findings is that the
efficacy of transient haloperidol treatment was assessed at a
single time point following neuroleptic administration (a time
point when peak drug levels were expected to occur). Thus, we
do not know whether transient antipsychotic treatment would
maintain its superiority over continuous treatment at times of the
day when transient drug levels are not at their peak. However, 48
hours after the last transient antipsychotic exposure (via SC
injection), clozapine and haloperidol maintain their antipsycho-
tic-like efficacy in rats (70). In addition, as mentioned above,
clinical findings show that antipsychotics remain efficacious

loperidol Treatment on c-fos mRNA Expression in the Anterior Cingulate,
Core and Shell

ex SS Cortex NAcc Core NAcc Shell

1.9 16.7 � 1.9 10.3 � 1.5 8.0 � .6
3.4 19.2 � 1.8 9.5 � .1 12.1 � 1.4a

.9 16.6 � 3.8 9.9 � 1.6 6.3 � .7

us treatment of .5 mg/kg haloperidol via minipump; HAL-TRANS, group
cutaneous injection; IL, infralimbic; mRNA, messenger RNA; NAcc, nucleus
nt Ha
bens

Cort

.6 �

.4 �

.6 �

tinuo
ly sub
when given every 3 days as compared with daily (69) and that
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ome antipsychotics such as quetiapine are clinically efficacious
n spite of only transient striatal D2 receptor blockade (71).
aken together, these findings suggest that upon an initial
xposure to antipsychotic, a chain of intracellular events is
nitiated that will perpetuate the antipsychotic’s effects well
eyond its presence at the receptor. In other words, it might not
e necessary for antipsychotic drugs to remain bound to their
eceptors 24 hours, every day of the week to be efficacious. In
act, the present findings suggest that if antipsychotics remain
ound to their binding sites for a long period of time (and it
emains to be determined how long this must be) neuroadapta-
ions are evoked that counter the antipsychotic’s effects over
ime. This plasticity might include elevations in the number and
ensitivity of D2 receptors as well as changes in gene regulation.

In summary, our findings show that 1) continuous antipsy-
hotic treatment promotes the development of dopamine super-
ensitivity and functional tolerance during ongoing treatment;
nd 2) this can be prevented if antipsychotic treatment is
ransient, such that normal receptor signaling is periodically
estored. The challenge now is to identify the neurobiological
rocesses involved and determine whether the present findings
xtend to other antipsychotics. These findings along with others
howing that continuous receptor occupancy by antipsychotic is
ot necessary to maintain efficacy (69–71) suggest that one might
e able to increase efficacy and potentially reduce side effects by
aintaining transiently rather than continuously high brain levels
f antipsychotic—a possibility that can be investigated clinically.

This work was supported by a Canadian Institutes of Health
esearch (CIHR) Operating Grant to SK, a CIHR postdoctoral

ellowship to A-NS. The contributions of PS to this work were
upported by the Stanley Medical Research Institute, the Essel
oundation, and Constance and Stephen Lieber. SK was sup-
orted by a Canada Research Chair.

We are grateful to Dr. H.-C. Guan, Mr. Roger Raymond, and
rs. Jun Parkes for valuable technical assistance.
Philip Seeman has recently provided scientific advice to

straZeneca, Astellas Pharma, and Clera Inc. but has no
ompeting or financial conflicts of interest related to the subject
atter of the present work. Shitij Kapur has received grant

upport from AstraZeneca, Bristol Meyers Squibb, Eli Lilly, EMD,
armstadt, Glaxo Smith Kline, Janssen, Neuromolecular Inc.,
nd Pfizer and has provided scientific advice to AstraZeneca,
ristol Meyers Squibb, Eli Lilly, Glaxo Smith Kline, Janssen,
tsuka, Organon, Pfizer, Sanofi-Synthelabo, Servier, and Solvay
yeth. Anne-Noël Samaha, Greg E. Reckless, Mustansir Diwan,

nd José N. Nobrega have no biomedical financial interests or
onflicts of interest to declare.

Supplementary material cited in this article is available online.

1. Kenakin T (1997): Pharmacologic Analysis of Drug-Receptor Interaction.
Philadelphia: Lippincott-Raven.

2. Ericson H, Radesater AC, Servin E, Magnusson O, Mohringe B (1996):
Effects of intermittent and continuous subchronic administration of
raclopride on motor activity, dopamine turnover and receptor occu-
pancy in the rat. Pharmacol Toxicol 79:277–286.

3. Turrone P, Remington G, Kapur S, Nobrega JN (2005): Continuous but
not intermittent olanzapine infusion induces vacuous chewing move-
ments in rats. Biol Psychiatry 57:406 – 411.

4. Turrone P, Remington G, Kapur S, Nobrega JN (2003): Differential effects
of within-day continuous vs. transient dopamine D2 receptor occu-
pancy in the development of vacuous chewing movements (VCMs) in

rats. Neuropsychopharmacology 28:1433–1439.
5. Glenthoj B, Hemmingsen R, Allerup P, Bolwig TG (1990): Intermittent
versus continuous neuroleptic treatment in a rat model. Eur J Pharmacol
190:275–286.

6. Carey RJ, DeVeaugh-Geiss J (1984): Treatment schedule as a determi-
nant of the development of tolerance to haloperidol. Psychopharmacol-
ogy (Berl) 82:164 –167.

7. Csernansky JG, Bellows EP, Barnes DE, Lombrozo L (1990): Sensitization
versus tolerance to the dopamine turnover-elevating effects of haloper-
idol: The effect of regular/intermittent dosing. Psychopharmacology
(Berl) 101:519 –524.

8. Kashihara K, Sato M, Fujiwara Y, Harada T, Ogawa T, Otsuki S (1986):
Effects of intermittent and continuous haloperidol administration on
the dopaminergic system in the rat brain. Biol Psychiatry 21:650 – 656.

9. Farde L, Nordstrom AL, Wiesel FA, Pauli S, Halldin C, Sedvall G (1992):
Positron emission tomographic analysis of central D1 and D2 dopamine
receptor occupancy in patients treated with classical neuroleptics and
clozapine. Relation to extrapyramidal side effects. Arch Gen Psychiatry
49:538 –544.

10. Kapur S, Zipursky R, Jones C, Remington G, Houle S (2000): Relationship
between dopamine D(2) occupancy, clinical response, and side effects:
A double-blind PET study of first-episode schizophrenia. Am J Psychiatry
157:514 –520.

11. Kapur S, Zipursky RB, Remington G (1999): Clinical and theoretical im-
plications of 5-HT2 and D2 receptor occupancy of clozapine, risperi-
done, and olanzapine in schizophrenia. Am J Psychiatry 156:286 –293.

12. Wadenberg ML, Kapur S, Soliman A, Jones C, Vaccarino F (2000): Dopa-
mine D2 receptor occupancy predicts catalepsy and the suppression of
conditioned avoidance response behavior in rats. Psychopharmacology
(Berl) 150:422– 429.

13. Natesan S, Reckless GE, Nobrega JN, Fletcher PJ, Kapur S (2005): Disso-
ciation between in vivo occupancy and functional antagonism of dopa-
mine D(2) receptors: Comparing aripiprazole to other antipsychotics in
animal models. Neuropsychopharmacology 31:1854 –1863.

14. Kapur S, VanderSpek SC, Brownlee BA, Nobrega JN (2003): Antipsy-
chotic dosing in preclinical models is often unrepresentative of the
clinical condition: A suggested solution based on in vivo occupancy.
J Pharmacol Exp Ther 305:625– 631.

15. Samaha AN, Seeman P, Stewart J, Rajabi H, Kapur S (2007): “Breakthrough”
dopamine supersensitivity during ongoing antipsychotic treatment leads
to treatment failure over time. J Neurosci 27:2979–2986.

16. Paxinos G, Watson C (1997): The Rat Brain in Stereotaxic Coordinates, 3rd
ed. New York: Academic.

17. Ljungberg T, Ungerstedt U (1985): A rapid and simple behavioural screen-
ing method for simultaneous assessment of limbic and striatal blocking
effects of neuroleptic drugs. Pharmacol Biochem Behav 23:479–485.

18. Arnt J (1995): Differential effects of classical and newer antipsychotics
on the hypermotility induced by two dose levels of D-amphetamine. Eur
J Pharmacol 283:55– 62.

19. Li M, Fletcher PJ, Kapur S (2006): Time course of the antipsychotic effect
and the underlying behavioral mechanisms. Neuropsychopharmacol-
ogy 32:263–272.

20. Wadenberg ML, Hicks PB (1999): The conditioned avoidance response
test re-evaluated: Is it a sensitive test for the detection of potentially
atypical antipsychotics? Neurosci Biobehav Rev 23:851– 862.

21. Wadenberg ML, Soliman A, VanderSpek SC, Kapur S (2001): Dopamine
D(2) receptor occupancy is a common mechanism underlying animal
models of antipsychotics and their clinical effects. Neuropsychopharma-
cology 25:633– 641.

22. Arnt J (1982): Pharmacological specificity of conditioned avoidance re-
sponse inhibition in rats: Inhibition by neuroleptics and correlation to do-
pamine receptor blockade. Acta Pharmacol Toxicol (Copenh) 51:321–329.

23. Kuribara H, Tadokoro S (1981): Correlation between antiavoidance ac-
tivities of antipsychotic drugs in rats and daily clinical doses. Pharmacol
Biochem Behav 14:181–192.

24. Flores G, Barbeau D, Quirion R, Srivastava LK (1996): Decreased binding
of dopamine D3 receptors in limbic subregions after neonatal bilateral
lesion of rat hippocampus. J Neurosci 16:2020 –2026.

25. Pierce RC, Rowlett JK, Bardo MT, Rebec GV (1991): Chronic ascorbate poten-
tiates the effects of chronic haloperidol on behavioral supersensitivity but
not D2 dopamine receptor binding. Neuroscience 45:373–378.

26. Seeman P, Weinshenker D, Quirion R, Srivastava LK, Bhardwaj SK,

Grandy DK, et al. (2005): Dopamine supersensitivity correlates with

www.sobp.org/journal



2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

152 BIOL PSYCHIATRY 2008;64:145–152 A.-N. Samaha et al.

w

D2High states, implying many paths to psychosis. Proc Natl Acad Sci
U S A 102:3513–3518.

7. Seeman P, Schwarz J, Chen JF, Szechtman H, Perreault M, McKnight GS,
et al. (2006): Psychosis pathways converge via D2high dopamine recep-
tors. Synapse 60:319 –346.

8. Semba J, Sakai MW, Suhara T, Akanuma N (1999): Differential effects of
acute and chronic treatment with typical and atypical neuroleptics on
c-fos mRNA expression in rat forebrain regions using non-radioactive in
situ hybridization. Neurochem Int 34:269 –277.

9. Merchant KM, Dobie DJ, Filloux FM, Totzke M, Aravagiri M, Dorsa DM
(1994): Effects of chronic haloperidol and clozapine treatment on neu-
rotensin and c-fos mRNA in rat neostriatal subregions. J Pharmacol Exp
Ther 271:460 – 471.

0. Sebens JB, Koch T, Ter Horst GJ, Korf J (1995): Differential Fos-protein
induction in rat forebrain regions after acute and long-term haloperidol
and clozapine treatment. Eur J Pharmacol 273:175–182.

1. Miller JC (1990): Induction of c-fos mRNA expression in rat striatum by
neuroleptic drugs. J Neurochem 54:1453–1455.

2. Robertson GS, Matsumura H, Fibiger HC (1994): Induction patterns of
Fos-like immunoreactivity in the forebrain as predictors of atypical an-
tipsychotic activity. J Pharmacol Exp Ther 271:1058 –1066.

3. Natesan S, Svensson KA, Reckless GE, Nobrega JN, Barlow KB, Johansson
AM, Kapur S (2006): The dopamine stabilizers (S)-(-)-(3-methanesulfo-
nyl-phenyl)-1-propyl-piperidine [(-)-OSU6162] and 4-(3-methanesulfo-
nylphenyl)-1-propyl-piperidine (ACR16) show high in vivo D2 receptor
occupancy, antipsychotic-like efficacy, and low potential for motor side
effects in the rat. J Pharmacol Exp Ther 318:810 – 818.

4. Moghaddam B, Bunney BS (1990): Acute effects of typical and atypical
antipsychotic drugs on the release of dopamine from prefrontal cortex,
nucleus accumbens, and striatum of the rat: An in vivo microdialysis
study. J Neurochem 54:1755–1760.

5. Moghaddam B, Bunney BS (1990): Utilization of microdialysis for assess-
ing the release of mesotelencephalic dopamine following clozapine
and other antipsychotic drugs. Prog Neuropsychopharmacol Biol Psychi-
atry 14(suppl):S51–S57.

6. Drew KL, O’Connor WT, Kehr J, Ungerstedt U (1990): Regional specific
effects of clozapine and haloperidol on GABA and dopamine release in
rat basal ganglia. Eur J Pharmacol 187:385–397.

7. Ichikawa J, Meltzer HY (1992): The effect of chronic atypical antipsy-
chotic drugs and haloperidol on amphetamine-induced dopamine re-
lease in vivo. Brain Res 574:98 –104.

8. Moore H, Todd CL, Grace AA (1998): Striatal extracellular dopamine
levels in rats with haloperidol-induced depolarization block of substan-
tia nigra dopamine neurons. J Neurosci 18:5068 –5077.

9. Ichikawa J, Meltzer HY (1990): The effect of chronic clozapine and halo-
peridol on basal dopamine release and metabolism in rat striatum and
nucleus accumbens studied by in vivo microdialysis. Eur J Pharmacol
176:371–374.

0. Lane RF, Blaha CD (1987): Chronic haloperidol decreases dopamine
release in striatum and nucleus accumbens in vivo: Depolarization block
as a possible mechanism of action. Brain Res Bull 18:135–138.

1. Hernandez L, Hoebel BG (1989): Haloperidol given chronically de-
creases basal dopamine in the prefrontal cortex more than the striatum
or nucleus accumbens as simultaneously measured by microdialysis.
Brain Res Bull 22:763– 69.

2. See RE, Chapman MA (1994): Chronic haloperidol, but not clozapine,
produces altered oral movements and increased extracellular gluta-
mate in rats. Eur J Pharmacol 263:269 –276.

3. Yamamoto BK, Cooperman MA (1994): Differential effects of chronic
antipsychotic drug treatment on extracellular glutamate and dopamine
concentrations. J Neurosci 14:4159 – 4166.

4. See RE, Lynch AM (1995): Chronic haloperidol potentiates stimulated
glutamate release in caudate putamen, but not prefrontal cortex. Neu-
roreport 6:1795–1798.

5. Hussain N, Flumerfelt BA, Rajakumar N (2001): Glutamatergic regulation
of haloperidol-induced c-fos expression in the rat striatum and nucleus
accumbens. Neuroscience 102:391–399.

6. Boegman RJ, Vincent SR (1996): Involvement of adenosine and gluta-
mate receptors in the induction of c-fos in the striatum by haloperidol.
Synapse 22:70 –77.

7. Dragunow M, Robertson GS, Faull RL, Robertson HA, Jansen K (1990): D2

dopamine receptor antagonists induce fos and related proteins in rat
striatal neurons. Neuroscience 37:287–294.

ww.sobp.org/journal
48. Post RM (1980): Intermittent versus continuous stimulation: Effect of
time interval on the development of sensitization or tolerance. Life Sci
26:1275–1282.

49. Reith ME, Benuck M, Lajtha A (1987): Cocaine disposition in the brain
after continuous or intermittent treatment and locomotor stimulation
in mice. J Pharmacol Exp Ther 243:281–287.

50. Lau CE, Imam A, Ma F, Falk JL (1991): Acute effects of cocaine on spontane-
ous and discriminative motor functions: Relation to route of administration
and pharmacokinetics. J Pharmacol Exp Ther 257:444–456.

51. Lillrank SM, Oja SS, Saransaari P, Seppala T (1991): Animal models of
amphetamine psychosis: Neurotransmitter release from rat brain slices.
Int J Neurosci 60:1–15.

52. Nelson LR, Ellison G (1978): Enhanced stereotypies after repeated injections
but not continuous amphetamines. Neuropharmacology 17:1081–1084.

53. King GR, Joyner C, Lee T, Kuhn C, Ellinwood EH Jr (1992): Intermittent
and continuous cocaine administration: Residual behavioral states dur-
ing withdrawal. Pharmacol Biochem Behav 43:243–248.

54. Martin-Iverson MT, Burger LY (1995): Behavioral sensitization and toler-
ance to cocaine and the occupation of dopamine receptors by dopa-
mine. Mol Neurobiol 11:31– 46.

55. Juncos JL, Engber TM, Raisman R, Susel Z, Thibaut F, Ploska A, et al.
(1989): Continuous and intermittent levodopa differentially affect basal
ganglia function. Ann Neurol 25:473– 478.

56. Gnanalingham KK, Robertson RG (1994): The effects of chronic continu-
ous versus intermittent levodopa treatments on striatal and extrastria-
tal D1 and D2 dopamine receptors and dopamine uptake sites in the
6-hydroxydopamine lesioned rat--an autoradiographic study. Brain Res
640:185–194.

57. Engber TM, Susel Z, Juncos JL, Chase TN (1989): Continuous and inter-
mittent levodopa differentially affect rotation induced by D-1 and D-2
dopamine agonists. Eur J Pharmacol 168:291–298.

58. Samaha AN, Li Y, Robinson TE (2002): The rate of intravenous cocaine
administration determines susceptibility to sensitization. J Neurosci 22:
3244 –3250.

59. Samaha AN, Mallet N, Ferguson SM, Gonon F, Robinson TE (2004): The
rate of cocaine administration alters gene regulation and behavioral
plasticity: Implications for addiction. J Neurosci 24:6362– 6370.

60. Samaha AN, Yau WY, Yang P, Robinson TE (2005): Rapid delivery of
nicotine promotes behavioral sensitization and alters its neurobiologi-
cal impact. Biol Psychiatry 57:351–360.

61. Liu Y, Roberts DC, Morgan D (2005): Sensitization of the reinforcing
effects of self-administered cocaine in rats: Effects of dose and intrave-
nous injection speed. Eur J Neurosci 22:195–200.

62. Jolley AG, Hirsch SR (1993): Continuous versus intermittent neuroleptic
therapy in schizophrenia. Drug Saf 8:331–339.

63. Peuskens J (1996): Proper psychosocial rehabilitation for stabilised pa-
tients with schizophrenia: The role of new therapies. Eur Neuropsychop-
harmacol 6(suppl 2):S7–S12.

64. Schooler NR (1991): Maintenance medication for schizophrenia: Strate-
gies for dose reduction. Schizophr Bull 17:311–324.

65. Carpenter WT Jr, Buchanan RW, Kirkpatrick B, Lann HD, Breier AF, Sum-
merfelt AT (1999): Comparative effectiveness of fluphenazine decano-
ate injections every 2 weeks versus every 6 weeks. Am J Psychiatry
156:412– 418.

66. Jolley AG, Hirsch SR, Morrison E, McRink A, Wilson L (1990): Trial of brief
intermittent neuroleptic prophylaxis for selected schizophrenic outpa-
tients: Clinical and social outcome at two years. BMJ 301:837– 842.

67. Gaebel W (1994): Intermittent medication–an alternative? Acta Psychi-
atr Scand Suppl 382:33–38.

68. Gaebel W, Janner M, Frommann N, Pietzcker A, Kopcke W, Linden M, et
al. (2002): First vs multiple episode schizophrenia: Two-year outcome of
intermittent and maintenance medication strategies. Schizophr Res 53:
145–159.

69. Remington G, Seeman P, Shammi C, Mann S, Kapur S (2005): “Extended”
antipsychotic dosing: Rationale and pilot data. J Clin Psychopharmacol
25:611– 613.

70. Li M, Parkes J, Fletcher PJ, Kapur S (2004): Evaluation of the motor
initiation hypothesis of APD-induced conditioned avoidance decreases.
Pharmacol Biochem Behav 78:811– 819.

71. Kapur S, Zipursky R, Jones C, Shammi CS, Remington G, Seeman P (2000): A
positron emission tomography study of quetiapine in schizophrenia: A

preliminary finding of an antipsychotic effect with only transiently high
dopamine D2 receptor occupancy. Arch Gen Psychiatry 57:553–559.


	Less Is More: Antipsychotic Drug Effects Are Greater with Transient Rather Than Continuous Delivery
	Methods and Materials
	Drugs
	Rationale for Doses and Modes of Haloperidol Administration
	Treatment
	Experiment 1: Behavioral Sensitivity to AMPH as a Function of Mode of HAL Administration
	Apparatus
	Groups and Procedures

	Experiment 2: Conditioned Avoidance Responding
	Procedures

	Experiment 3: D2 Receptor Binding Capacity and Guanine Nucleotide-Sensitive D2High Receptors
	Procedures

	Experiment 4: C-fos mRNA Expression
	Procedures
	In Situ Hybridization


	Results
	Experiment 1: Effects of the kinetics of HAL Treatment on Behavioral Sensitivity to AMPH Over Time
	Experiment 2: Effects of the Kinetics of HAL Treatment on Conditioned Avoidance Responding
	Experiment 3: Effects of the Kinetics of HAL Treatment on Striatal D2 Receptor Bmax and Guanine Nucleotide-Sensitive D2High States
	Experiment 4: Effects of the Kinetics of HAL Treatment on c-fos mRNA Expression

	Discussion
	Acknowledgment
	References


