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Psychostimulant-Induced Attenuation of Hyperactivity and
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Psychostimulants, including amphetamine, act as antihyperkinetic agents in humans with hyperkinetic disorder such as attention-deficit
hyperactivity disorder and are known to be effective in enhancing attention-related processes; however, the underlying mechanisms have
not been adequately addressed. Mice lacking the Adcyap1 gene encoding the neuropeptide pituitary adenylate cyclase-activating
polypeptide (Adcyap1 � / �) display psychomotor abnormalities, including increased novelty-seeking behavior and hyperactivity. In this
study, Adcyap1 � / � mice showed sensory-motor gating deficits, measured as deficits in prepulse inhibition (PPI), and showed normal
PPI in response to amphetamine. Amphetamine also significantly decreased hyperlocomotion in Adcyap1 � / � mice, and this paradoxical
antihyperkinetic effect depended on serotonin 1A (5-HT1A ) receptor signaling. c-Fos-positive neurons were increased in the prefrontal
cortex in amphetamine-treated Adcyap1 � / � mice, suggesting increased inhibitory control by prefrontal neurons. Additionally, amphet-
amine produced an antihyperkinetic effect in wild-type mice that received the 5-HT1A agonist 8-hydroxy-2-(di-n-propylamino)tetralin.
These results indicate that Adcyap1 � / � mice act as a model of hyperlocomotion and PPI deficits and suggest that 5-HT1A-mediated
pathways are important determinants of the psychostimulant-elicited, rate-dependent effects that are in a negative function of the
baseline rate of activity.
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Introduction
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a
neuropeptide originally isolated from ovine hypothalamus based
on its ability to stimulate adenylate cyclase in rat anterior pitu-
itary cell cultures and a member of the vasoactive intestinal pep-
tide (VIP)/secretin/glucagon family. It exerts multiple activities
as a neurotransmitter or neuromodulator via three G-protein-
linked receptors, one PACAP-specific (PAC1) receptor and two
receptors that are shared with VIP (VPAC1 and VPAC2)
(Arimura, 1998; Vaudry et al., 2000; Hashimoto et al., 2006). Our
recently developed mice lacking the Adcyap1 gene encoding the
neuropeptide PACAP (Adcyap1� / �) have marked phenotypes,
including behavioral abnormalities (Hashimoto et al., 2001;
Shintani et al., 2002; Kawaguchi et al., 2003; Tanaka et al., 2004).
Adcyap1� / � mice are born in the expected Mendelian ratios but
show a high early mortality rate before weaning. The surviving

Adcyap1� / � females exhibit reduced fertility, which is partly at-
tributable to reduced mating frequency, and inadequate mater-
nal behavior. Furthermore, Adcyap1� / � mice display remark-
able behavioral changes, including hyperlocomotion and
jumping behavior in an open field, and increased novelty-seeking
behavior. These salient phenotypes may be attributable to, at least
in part, perturbed monoamine neurotransmission, because sero-
tonin (5-HT) metabolism is slightly decreased in the cerebral
cortex and striatum of Adcyap1� / � mice, and hyperactive behav-
ior is ameliorated by the antipsychotic drug haloperidol (Hashi-
moto et al., 2001). However, the mechanisms involved and the
pathophysiological significance still remain unclear.

It is commonly accepted that changes in dopaminergic tone
highly correlate with alterations in locomotor activity. Psycho-
stimulants such as amphetamine and methylphenidate are indi-
rect agonists that facilitate the action of catecholamines including
dopamine (DA), and their effects on motor activity have been
hypothesized as being rate dependent. Low baseline rates of ac-
tivity are increased by stimulants, whereas higher rates are in-
creased to a lesser extent, or even decreased, as a result of drug
treatment, such that stimulant-induced change is a negative lin-
ear function of the baseline rate of activity (Solanto, 1998, 2002).
However, the underlying mechanism remains essentially
unknown.

Prepulse inhibition (PPI) is the phenomenon in which a weak
prepulse stimulus attenuates the response to a subsequent star-
tling stimulus, providing an operational measure of sensorimo-
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tor gating and a cross-species form of information processing,
deficient in patients with schizophrenia and some other neuro-
psychiatric disorders, including comorbid attention-deficit hy-
peractivity disorder (ADHD) and Tourette’s syndrome (Castel-
lanos et al., 1996; Geyer et al., 2001). Although psychostimulants
reduce PPI in normal subjects, they are known to be effective in
enhancing attention-related processes (Solanto, 2002) as well as
attending PPI (Hawk et al., 2003) in ADHD children. However,
stimulant effects on PPI have not been adequately assessed clini-
cally, and with respect to stimulant response of PPI, there is no
animal model showing a positive response. To date, understand-
ing of the therapeutic action mechanisms of stimulants is still in
its infancy.

In the present study, we demonstrated that Adcyap1� / � mice
showed psychopathological aspects of hyperactivity and PPI def-
icits, as well as beneficial responses to amphetamine. Our results
give new insights into the mechanisms underlying the therapeu-
tic effects of psychostimulants.

Materials and Methods
Animals. All animal experiments were performed in accordance with
protocols approved by the Animal Care and Use Committee of Graduate
School of Pharmaceutical Sciences, Osaka University. Generation of
Adcyap1 � / � mice by a gene-targeting technique has been reported pre-
viously (Hashimoto et al., 2001). The null mutation was backcrossed
onto an Institute of Cancer Research mouse background. Wild-type and
Adcyap1 � / � mice used were obtained from the intercross of heterozy-
gous animals.

PPI analysis. Acoustic startle responses were measured in a startle
chamber (SR-LAB; San Diego Instruments, San Diego, CA) using stan-
dard methods described previously (Sakaue et al., 2003). The testing
session started with a 5 min acclimatization to the startle chamber in the
presence of 65 dB background white noise. Testing consisted of 40
120-dB pulses alone and 10 pulses preceded (100 ms) by a prepulse of 66,
68, 71, or 77 dB. Pulses were randomly presented with an average of 15 s
between pulses. Twelve no-stimulus trials were included to assess spon-
taneous activity during testing that was routinely observed to be 10 –20
(arbitrary unit). For drug treatments, animals were placed in the startle
chamber just after intraperitoneal injection of amphetamine or 30 min
after intraperitoneal injection of haloperidol. PPI was calculated as a
percentage score: PPI (%) � (1 � [(startle response for pulse with pre-
pulse)/(startle response for pulse alone)]) � 100.

Locomotor activity. Locomotor activity was quantified in plastic activ-
ity monitoring boxes (30 � 30 � 30 cm) for 90 min using an infrared
photocell beam detection system Acti-Track (Panlab, Barcelona, Spain)
after intraperitoneal injection of drug or saline. The number of jumps
was scored for 90 min using video recordings by experienced observers
blinded to the mouse genotypes.

Measurement of rectal temperature. Rectal temperature was recorded
with a Physitemp Bat 12 digital thermometer (Physitemp Instruments,
Clifton, NJ) before and after intraperitoneal drug injection.

Immunohistochemistry. After intraperitoneal injection of amphet-
amine or saline, mice were placed back into their boxes. Two hours after
injection, mice were deeply anesthetized with pentobarbital, perfused
transcardially with saline, followed by a solution of 4% paraformalde-
hyde in PBS. Frontal sections (30 �m) containing medial prefrontal
cortices (prelimbic cortex and infralimbic cortex) at �1.42 mm from the
bregma and dorsomedial striatum at �0.50 mm from the bregma
(Franklin and Paxinos, 1997) were cut and processed for immunohisto-
chemistry with anti-c-Fos rabbit polyclonal primary antibody (sc-52;
Santa Cruz Biotechnology, Santa Cruz, CA) and biotin-labeled anti-
rabbit IgG secondary antibody (Nichirei, Tokyo, Japan). c-Fos-positive
nuclei were counted manually by experienced observers blinded to the
mouse genotypes.

Statistical analysis. Statistically significant differences were assessed by
ANOVA, followed by post hoc Mann–Whitney U test or Tukey’s multiple
comparison test, where applicable.

Results
PPI deficits in Adcyap1 � / � mice
To investigate a possible role of PACAP in sensorimotor gating,
PPI was measured in Adcyap1� / � mice and their wild-type lit-
termate controls. There was no significant difference in startle
amplitudes elicited at 100 or 120 dB between the two groups.
Pulse intensities of 65 and 77 dB, selected as background noise
and the highest prepulse intensity, respectively, elicited negligible
startle when not paired with the startle stimulus in both groups
(Fig. 1A, bottom). Adcyap1� / � mice showed diminished PPI at
71 and 77 dB prepulse intensities compared with wild-type mice
(Fig. 1A, top). To examine the developmental changes of PPI
deficits in Adcyap1� / � mice, PPI was tested at postnatal weeks 4,
6, and 8. There was no significant difference in startle amplitudes
between the two groups at all studied ages (Fig. 1B, bottom). At
postnatal week 4, PPI levels were similar between the two groups
(Fig. 1B, top). Although wild-type mice showed an age-
dependent increase in PPI, there was no significant increase in
PPI in Adcyap1� / � mice from 4 to 8 weeks of age. At postnatal
weeks 6 and 8, PPI levels were lower in Adcyap1� / � mice when
compared with wild-type mice by 44 and 35%, respectively. PPI
deficits in Adcyap1� / � mice were also seen at 14 weeks of age
(data not shown).

Effects of psychostimulants on PPI deficits in Adcyap1 � / �

mice
Dopaminergic systems have been postulated to be involved in the
control of PPI (Swerdlow and Geyer, 1998); therefore, the effects
of the D2 dopamine receptor blocking antipsychotic haloperidol
on PPI deficits were assessed in Adcyap1� / � mice. Haloperidol
(0.02 or 0.2 mg/kg) failed to improve PPI deficits in Adcyap1� / �

mice (Fig. 1C, top) and showed no significant effect on startle
amplitudes in both groups (Fig. 1C, bottom). We assessed possi-
ble effects of psychostimulants on the PPI deficits in Adcyap1� / �

mice and found that amphetamine, at a clinically relevant dose
range (2 mg/kg) (Gainetdinov and Caron, 2000), reversed PPI
deficits to the control level in wild-type mice (Fig. 1D, top). Con-
sistent with a previous report (Ralph et al., 2001b), a higher dose
of amphetamine (10 mg/kg) tended to reduce PPI in wild-type
mice, although there were no significant changes in PPI levels
between the two groups. Startle amplitudes were reduced in
Adcyap1� / � mice that received 10 mg/kg amphetamine (Fig. 1D,
bottom).

Effects of haloperidol and psychostimulants on abnormal
jumping behavior in Adcyap1 � / � mice
We examined the effects of haloperidol and psychostimulants on
explosive jumping behavior in Adcyap1� / � mice. Haloperidol
effectively reduced the number of jumps in Adcyap1� / � mice
(Fig. 2A). Interestingly, amphetamine and methylphenidate also
reduced the number of jumps in Adcyap1� / � mice (Fig. 2B,C).

Amphetamine-evoked paradoxical antihyperkinetic effect
Adcyap1� / � mice maintained high initial levels of locomotor
activity with reduced thigmotaxis or wall-hugging behavior, an
index of anxiety, during the open field test (Hashimoto et al.,
2001). As expected, wild-type mice responded to amphetamine
(2 mg/kg) with increased locomotor activity (Fig. 3A); however,
in sharp contrast, amphetamine (2 mg/kg) paradoxically attenu-
ated hyperlocomotion in Adcyap1� / � mice (Fig. 3B). Likewise,
10 mg/kg amphetamine increased locomotor activity in wild-
type mice and still produced antihyperkinetic effects in
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Adcyap1� / � mice (data not shown). Adcyap1� / � mice entered
the center region more often than wild-type mice. Amphetamine
(2 mg/kg) inhibited such aberrant behavior and, instead, in-
creased thigmotaxis as seen in wild-type mice (Fig. 3C).

Possible involvement of 5-HT1A receptor signaling in the
psychobehavioral changes
We explored possible neurochemical alterations relevant to
psychobehavioral changes in Adcyap1 � / � mice and found re-
duced hypothermic response to 5-HT1A agonists. The 5-HT1A

agonists 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-
DPAT) or buspirone significantly decreased rectal tempera-
ture in wild-type mice, whereas the response was markedly
attenuated in Adcyap1 � / � mice (Fig. 4). Therefore, we exam-
ined the possible involvement of 5-HT1A signaling in the
amphetamine-evoked antihyperkinetic effect in Adcyap1 � / �

mice. The selective 5-HT1A receptor
antagonist N-[2-[4-(2-methoxyphenyl)-
1-piperazinyl]ethyl]-N-(2-pyridinyl)cyclo-
hexanecarboxamide (WAY-100635) (0.3
mg/kg) blocked the action of amphetamine
(Fig. 5B). We also found that amphetamine
produced paradoxical calming effects in
wild-type mice that received 8-OH-DPAT
(0.05 mg/kg) (Fig. 5A). Neither
WAY-100635 nor 8-OH-DPAT alone influ-
enced locomotor activity in wild-type and
Adcyap1� /� mice (Fig. 5C,D).

c-Fos-positive neurons were increased
in prefrontal cortex in amphetamine-
treated Adcyap1 � / � mice
Presynaptic 5-HT1A autoreceptors have

been shown to mediate the hypothermic response, and receptor
density correlates with the hypothermic response to 5-HT1A ago-
nists (Aguirre et al., 1998). Therefore, we performed reverse
transcription-PCR analysis to quantify 5-HT1A and other 5-HT
receptor mRNA levels, as well as microarray analysis. However,
to date, we have not confirmed changes in expression of mRNA
for 5-HT receptors and other genes that are probably responsible
for altered psychomotor functions in Adcyap1� / � mice (data not
shown).

There is evidence implicating the prefrontal cortex in the
pathophysiology of motor dysregulation as well as PPI deficits
(Swerdlow and Geyer, 1998; Goldman-Rakic et al., 2000). There-
fore, we examined c-Fos expression as a marker for postsynaptic
activity to define the pattern of neurons excited by amphetamine
(Fig. 6). The number of c-Fos-positive neurons increased in the
medial prefrontal cortex in amphetamine-treated Adcyap1� / �

Figure 1. Startle amplitudes without prepulses and PPI of the startle reflex in Adcyap1 � / � mice. A–D, PPI levels (top) and startle responses (bottom) at different pulse intensities in 8-week-old
mice (A), at 77 dB prepulse followed by 120 dB startle pulses in mice at postnatal weeks 4, 6, and 8 (B), or in 8-week-old mice after pretreatment with haloperidol (C) or amphetamine (D). The number
of wild-type (open bars) and Adcyap1 � / � (closed bars) mice are indicated above the bars. Data are expressed as means � SEM.

Figure 2. A–C, Number of jumps in Adcyap1 � / � mice after pretreatment with haloperidol (A), amphetamine (B), and
methylphenidate (C). The number of wild-type (open bars) and Adcyap1 � / � (closed bars) mice are indicated above the bars.
Data are expressed as means � SEM.
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mice compared with wild-type mice, sug-
gesting hyperactivation of Adcyap1� / �

prefrontal cortical neurons by amphet-
amine. Amphetamine-induced increase in
the number of c-Fos-positive neurons in
the dorsomedial striatum (Fig. 6) and
other regions, including the cingulate cor-
tex and nucleus accumbens (data not
shown), was not significantly different be-
tween the two groups.

Discussion
Psychostimulants are controlled sub-
stances, because they have long-term sen-
sitizing effects and a potential for abuse,
and they may also be neurotoxic. How-
ever, psychostimulant treatment has long
been recognized to attenuate hyperactiv-
ity, paradoxically, and often to improve
cognitive performance (Castellanos and
Tannock, 2002; Solanto, 2002; Garland
and Kirkpatrick, 2004). Animal studies
have demonstrated that psychostimulants
have biphasic effects on motor activity and
cognitive processes (Solanto, 1998), but
underlying mechanisms remain mostly
uncharacterized. We demonstrated that
Adcyap1� / � mice showed psychopatho-
logical changes, including PPI deficits, and
investigated the effects of psychostimu-
lants on hyperactivity, PPI deficits, and ex-
cessive jumping activity, as well as the role
of 5-HT1A signaling in the paradoxical ac-
tions of amphetamine on hyperactivity.
These findings seem a long way from the
clinical disorders of hyperkinesia and cog-
nitive impairment, but we hope to provide
models with some typical features of psychostimulant responses
in these disorders.

There is considerable evidence for the involvement of do-
paminergic systems in the control of PPI (Geyer et al., 2001).
We demonstrated that, although hyperlocomotion (Hashi-
moto et al., 2001) and jumping behavior in Adcyap1 � / � mice
were effectively attenuated by haloperidol (a D2 antagonist),
PPI deficits were not reversed by haloperidol. Other than DA,
glutamatergic systems are important for modulating PPI
(Geyer et al., 2001). PPI is reduced in rodents and humans by
noncompetitive NMDA antagonists, such as phencyclidine
and dizocilpine [(�)-5-methyl-10,11-dihydro-5H-dibenzo
[a,d] cyclohepten-5,10-imine maleate]. Several studies have
shown that PACAP can potentiate NMDA receptor functions
(Stella and Magistretti, 1996; Liu and Madsen, 1997; Pellegri et
al., 1998). Recently, we showed that Adcyap1 � / � mice do not
exhibit inflammatory or neuropathic pain, and PACAP is re-
quired for functional coupling of neuronal nitric oxide syn-
thase to NMDA receptors in the spinal cord for chronic pain to
occur (Mabuchi et al., 2004). This raises the possibility that
similar mechanisms might be involved in psychomotor
changes in Adcyap1 � / � mice. PPI deficits in Adcyap1 � / �

mice may therefore be ascribable in part to NMDA
hypofunction.

One of the most striking findings in our study was that am-
phetamine completely reversed PPI deficits in Adcyap1� / � mice

and, to our knowledge, this is the first animal model showing PPI
deficits and paradoxical responses to psychostimulants. DA
transporter knock-out mice were shown to exhibit PPI deficits,
which were improved by the D2 receptor antagonist raclopride
(Ralph et al., 2001a) and the 5-HT2A receptor antagonist
M100907 (Barr et al., 2004). Therefore, it will be interesting to
investigate the effects of psychostimulants on PPI deficits in DA
transporter knock-out mice.

Adcyap1� / � mice did not show a significant increase in PPI
from 4 to 8 weeks of age, suggesting that the process of sensori-
motor gating remains functionally immature. Developmental is-
sues are considered to be particularly relevant to understanding
PPI deficits in humans, because PPI appears to develop in chil-
dren 5– 8 years of age (Ornitz et al., 1990). In addition,
Adcyap1� / � mice showed a slight decrease in 5-HT metabolite
5-hydroxyindoleacetic acid in their brain (Hashimoto et al.,
2001), and this was manifested at 4 weeks of age (the earliest age
tested) (our unpublished data). Several lines of evidence suggest
that PACAP acts as a neurotrophic factor and plays diverse roles
in mammalian neurogenesis (Arimura, 1998; Vaudry et al.,
2000). Therefore, it is conceivable that developmental defects in
5-HT systems, or the relative balance of tone between 5-HT and
other neurotransmitter systems, such as the glutamatergic sys-
tem, may contribute to PPI deficits and hyperactivity in
Adcyap1� / � mice. However, this does not exclude the possibility
that PACAP is actively involved in psychological functions. Three

Figure 3. Locomotor activity in the open field test. A, B, Locomotor activity in wild-type (A) and Adcyap1 � / � (B) mice that
received 2 mg/kg amphetamine (closed circles) or saline (open circles). n � 16 per group. *p � 0.05 and **p � 0.01 versus
saline. C, Representative locomotor patterns of saline-treated (top panels) or 2 mg/kg amphetamine-treated (bottom panels)
wild-type (left panels) and Adcyap1 � / � (right panels) mice during 25–30 min of a 90 min recording in an open field test. Data
are expressed as means � SEM.

Figure 4. 5-HT1A agonist-induced hypothermia. Wild-type (open circles) and Adcyap1 � / � (closed circles) mice were injected
intraperitoneally with 0.1 mg/kg 8-OH-DPAT (A), 0.5 mg/kg 8-OH-DPAT (B), or 10 mg/kg buspirone (C). Rectal temperature was
measured at the indicated times. n � 7– 8 per group. *p � 0.05 and **p � 0.01 versus wild-type mice. Data are expressed as
means � SEM.
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different PACAP knock-out lines (Gray et al., 2001; Hamelink et
al., 2002; Colwell et al., 2004) developed separately from our
colony have been reported to also show dysfunction of lipid and
carbohydrate metabolism, cold hypersensitivity, impaired cate-
cholamine regulation in the sympathoadrenal axis, and deficits in
the circadian light response, suggesting putative developmental
and/or neuroplastic abnormalities in these mutant mice.

It has been postulated that prefrontal cortex dysregulation
may lead to disinhibition in targets of the prefrontal cortex pro-
jection, with a possible relevance to dysregulation of motor func-
tions and PPI (Swerdlow and Geyer, 1998; Goldman-Rakic et al.,
2000). In vivo microdialysis showed that basal and amphetamine-
induced release of extracellular DA and 5-HT in the prefrontal
cortex did not differ significantly between Adcyap1� / � and wild-
type mice (DA, F(20,180) � 0.198; not significant; 5-HT, F(20,180) �
1.069; not significant). However, the number of c-Fos-positive
neurons increased in the medial prefrontal cortex of Adcyap1� / �

mice compared with wild-type mice after amphetamine admin-
istration. This result raises the possibility that hyperactivation of
prefrontal cortical neurons by amphetamine might result in an
increased inhibitory control by prefrontal neurons in
Adcyap1� / � mice. It has been demonstrated that c-fos mRNA
expression in the frontal cortex is increased by environmental
novelty, but this effect is not further increased by amphetamine
(Badiani et al., 1998). Likewise, when exposed to novelty (alone),
the increase in c-Fos-positive neurons in the prefrontal cortex
tended to be greater in Adcyap1� / � mice compared with wild-
type mice, but the effect of novelty was similar to that of amphet-
amine in the respective groups of mice (data not shown). Addi-
tional studies to define and characterize these cell populations
responsible for the effects of amphetamine and novelty will help

to investigate the neuronal mechanisms for psychostimulant
treatment.

Studies in DA transporter knock-out mice suggest the tanta-
lizing possibility that hyperkinetic behavior might be controlled
through precise targeting of 5-HT receptors, or even through
enhanced availability of 5-HT precursors (Gainetdinov et al.,
1999). The latter possibility is still controversial, because thera-
peutic efficacy of selective serotonergic drugs is not commonly
recognized in treating hyperkinetic disorder (Gainetdinov and
Caron, 2000; Popper, 2000; Davids et al., 2003). The reason for
this may be simply a result of the large multiplicity of 5-HT
receptor subtypes and existence of multiple 5-HT autoreceptors,
having sometimes opposing or no effects on locomotion (Geyer,

Figure 5. Locomotor activity in the open field test. A–D, Locomotor activity in wild-type (A,
C) and Adcyap1 � / � (B, D) mice that received 0.05 mg/kg 8-OH-DPAT (triangles), 0.3 mg/kg
WAY-100635 (squares), or saline (circles) either alone (open symbols) or in combination with 2
mg/kg amphetamine (closed symbols). The results of the experiment with amphetamine or
saline alone are the same as those in Figure 3. n � 15–16 per group. *p � 0.05, **p � 0.01,
and ***p � 0.001 versus saline alone; †p � 0.05, ††p � 0.01, and †††p � 0.001 versus
amphetamine. Data are expressed as means � SEM.

Figure 6. c-Fos-positive neurons in medial prefrontal cortex and dorsomedial striatum in
amphetamine-treated Adcyap1 � / � mice. A, Number of c-Fos-positive neurons in the out-
lined regions in B in wild-type (open bars) and Adcyap1 � / � (closed bars) mice that received
10 mg/ml amphetamine. n � 6 –7 per group. B, Photomicrographs showing representative
c-Fos labeling in medial prefrontal cortex (top panels) and dorsomedial striatum (bottom pan-
els) in amphetamine-treated Adcyap1 � / � (left panels) and wild-type (right panels) mice.
Insets, High magnifications of c-Fos staining. PL, Prelimbic cortex; IL, infralimbic cortex; DM,
dorsomedial striatum; cc, corpus callosum; arrowheads, midline. Scale bars, 100 �m. Data are
expressed as means � SEM.
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1996; Lucki, 1998). Regarding the former possibility (precise tar-
geting of 5-HT receptors), the present study showed that WAY-
100635 blocked the amphetamine-elicited antihyperkinetic effect
in Adcyap1� / � mice, and that amphetamine produced a para-
doxical calming effect in 8-OH-DPAT-treated wild-type mice.
Previous reports show that 8-OH-DPAT attenuates
psychostimulant-induced behavioral sensitization and incre-
ment in locomotor activity, where both presynaptic and postsyn-
aptic 5-HT1A receptor-dependent mechanisms are suggested to
be involved (Przegalinski and Filip, 1997; Przegalinski et al., 2000;
Carey et al., 2005). However, the paradoxical calming effect of
psychostimulant plus 5-HT1A receptor agonist combination has
hitherto not been addressed and may provide provocative clues
into the mechanisms of the therapeutic effects of psychostimu-
lants. Together with previous reports, the present data suggest
that the targeting of 5-HT1A receptors, adjunctive to psycho-
stimulants, are promising for pharmaceutical intervention in hy-
perkinetic disorder.

Histochemical studies have shown that PACAP immunoreac-
tivity is present in several brain regions involved in the DA and
5-HT systems, including the cerebral cortex, nucleus accumbens,
amygdala, hypothalamus, substantia nigra, ventral tegmental
area, and dorsal raphe nucleus (Masuo et al., 1993; Piggins et al.,
1996). PAC1 receptors are expressed broadly in both the target
areas and nuclei of origin of these monoaminergic systems
(Hashimoto et al., 1996). VPAC1 and VPAC2 receptors are also
expressed in these systems (Usdin et al., 1994). These observa-
tions suggest a functional relationship between PACAP and
monoaminergic neurons. Serotonergic cell bodies are located
mainly in the raphe nuclei, whereas 5-HT-containing terminals
are widely distributed in the brain. Among 5-HT receptor sub-
types, 5-HT1A receptors are expressed presynaptically as the pri-
mary somatodendritic autoreceptor on serotonergic raphe neu-
rons and postsynaptically in a variety of other neurons (Barnes
and Sharp, 1999). Although there is no report of colocalization
analysis between PACAP/PACAP receptors and 5-HT-
containing elements, it is plausible that PACAP modulates the
serotonergic system both at the origin and innervation sites. The
reduced hypothermic response to 5-HT1A agonists in
Adcyap1� / � mice supports the functional coupling between the
two systems.

The supplemental figure (available at www.jneurosci.org as
supplemental material) shows a schematic representation of pos-
sible relationships between locomotor activity and degree of
stimulation of 5-HT1A systems in amphetamine-treated
Adcyap1� / � and wild-type mice. Neither WAY-100635 nor
8-OH-DPAT alone influenced locomotor activity in both groups,
indicating that changes in 5-HT1A systems per se do not influence
locomotor activity. The observations that WAY-100635 blocked
the amphetamine-elicited antihyperkinetic effect in Adcyap1� / �

mice, and that amphetamine induced hypokinesia in 8-OH-
DPAT-treated wild-type mice, indicate that the 5-HT1A relative
activity has a great influence on the effects of amphetamine. Psy-
chostimulants have been hypothesized to exert rate-dependent
effects that show a negative linear correlation with the baseline
rate of activity (Solanto, 1998, 2002). The present results suggest
that the stimulation level of 5-HT1A systems, or the relative bal-
ance with other 5-HT receptor subtypes or neurotransmitter sys-
tems, might be involved in the rate-dependent effects elicited by
psychostimulants.

Many psychiatric disorders are multifactorial, reflecting lon-
gitudinal and complex interactions of causative agents, including
genetic and environmental factors. Pathogenesis remains poorly

understood; therefore, animal models provide useful tools to in-
vestigate the mechanisms underlying human diseases and for the
design of new treatments (Lipska and Weinberger, 2000). Al-
though, Adcyap1� / � mice do not provide an animal model of
some specific psychiatric disorder per se, the present study may
provide insights into the pathophysiology and etiology of hy-
perkinetic disorder and other disorders including disrupted PPI.
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