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Abstract

Amphetamine (AMPH) is known as an anorectic agent. The anorectic action of AMPH has been attributed to its inhibitory action on
hypothalamic neuropeptide Y (NPY), an appetite stimulant in the brain. The molecular mechanisms behind this anorectic action of
AMPH are still unclear. This study investigated the possible role of protein kinase C (PKC) isotypes in this anorectic action. Results
revealed that most PKC isotypes (a, bII, c, d, g, k and f), except bI and e isotypes, were stimulated during a repeated treatment of
AMPH. Among these stimulated isotypes, three isotypes (a, d, k) were activated and expressed in a similar manner, while the other
isotypes were expressed differently and specifically. To determine if PKCa was involved in the anorectic response of AMPH, the
infusions of antisense oligonucleotide into the brain were performed 1 h before daily AMPH treatment in freely moving rats, and the
results showed that PKCa knock down could block the anorectic response and restore NPY mRNA levels in AMPH-treated rats.
These results suggest that PKC isotypes- (at least the a isotype), related modification of NPY gene expression in hypothalamus might
play an essential role in the central regulation of AMPH-mediated feeding suppression.

Introduction

Amphetamine (AMPH) is known for its suppressive effect on appetite.
Some previous studies (between 1937 and 1970) indicated that AMPH
was widely prescribed for the treatment of obesity and had served as a
prototype for the development of subsequent anorectic drugs, such as
phentermine and phenylpropanolamine (Nichols, 1994). Humans
treated with AMPH reported euphoria, increased attention, restless-
ness, difficulty sleeping, and headaches, while some might become
anxious, feel confident, irritable, hostile, and aggressive (Biel & Bopp,
1978). Because of the effects of AMPH on human appetite, body
weight, and psychosis, the mechanisms of AMPH-induced anorexia,
weight loss or psychomotor effect have been investigated extensively.

The mechanism underlying the anorectic action of AMPH was
implicated in the release of biogenic amines that might lead to an
inhibitory action on hypothalamic neuropeptide Y (NPY) gene
expression (Sulzer et al., 1995; Kuo, 2003). A daily treatment of
AMPH lasting for several days could initially induce a marked
decrease of food intake followed by a gradual recovery of food intake
and eventually backed to the normal level (tolerant effect) (Leibowitz,
1975; Seiden et al., 1993; Kuo et al., 2001). Our previous study had
shown that AMPH exerted an inhibitory action on hypothalamic NPY,
an orexigenic neurotransmitter in the brain, to achieve an anorectic
effect (Kuo, 2003). Moreover, a recent report also indicated that
methamphetamine could decreased NPY mRNA expression in the area
of hypothalamic arcuate nucleus (Crowley et al., 2005). Hypothalamic
NPYplayed an important role in the regulation of feeding behaviour as
an infusion of NPY into the brain of satiated rats might elicit a

ravenous food intake and repeated infusions might lead to obesity
(Billington et al., 1994; Woods et al., 1998).
Protein kinase C (PKC) is present abundantly in neuronal tissues

and has been implicated in the neuronal signalling process of the brain
(Huang & Huang, 1993; Tanaka & Nishizuka, 1994). PKC
participated in a wide variety of physiological and pathophysiological
processes in the brain, which might be explained, in part, by the
heterogeneity of the PKC gene family, which encompasses at least ten
functional isotypes (Nishizuka, 1995). These isotypes are subtly
different in the aspects of enzymological properties, tissue expression,
and intracellular localization (Tanaka & Nishizuka, 1994). Evidence
has revealed that PKC could modulate the action of feeding behaviour
(Kanoh et al., 2003) as well as AMPH-induced dopamine (DA)
release (Giambalvo, 1992a,b; Giambalvo, 2004). Thus, it is possible
that PKC is involved in the neuronal signalling of AMPH anorexia.
Therefore, defining the specific isotype of PKC involved may provide
more information for understanding the signalling mechanism of
AMPH.
PKC isotypes have been divided by Nishizuka, (1988, 1995) into

three subfamilies: conventional cPKCs (a, bI, bII, and c), novel
nPKCs (d, e, g, and h), and atypical aPKCs (f and k). The cPKCs
require calcium, diacylglycerol (DAG) or exogenous phorbol esters,
and the cofactor phosphatidyl-l-serine (PS) for full activation. Novel
PKCs also require DAG (or TPA) and PS for activation; however,
calcium does not enhance their activation. Atypical PKCs can not be
activated by either DAG or TPA and are unresponsive to calcium
(Toker, 1998). These different isoforms exhibit distinct tissue distri-
butions, suggesting specific roles in neural functions (Huang et al.,
1988; Tanaka & Nishizuka, 1994).
Until recently, PKC isotypes involved in the anorectic effect of

AMPH have not been determined, nor their possible roles in the
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modulation of NPY gene expression. Therefore, this study was aimed
at evaluating the involvement in the above-mentioned actions of nine
PKC isotypes; h isotype was ruled out due to the fact that it was
expressed predominantly in muscle and haematopoietic cells (Altman
& Villalba, 2002). Recently, approaches by modulating isotype-
selective inhibitors or activators have been applied in the improvement
of nervous diseases (Way et al., 2000; Battaini, 2001) therefore our
results may be helpful for therapeutic research into AMPH-like anti-
obesity drugs. In addition, our results may also be helpful in
understanding the signalling mechanism of some nervous diseases
induced by repeated administrations of AMPH.
In the current study, PKCa antisense oligodeoxynucleotides (ODN)

was employed to disrupt a gene expression in order to examine its
effect on AMPH-induced anorexia in freely moving rats. The method
of antisense knock down had inherent difficulties. However, other
investigators had used these antisense ODNs to specifically down-
regulate PKCa gene expression (Dean & McKay, 1994; Hua et al.,
2002). Moreover, antisense ODNs were preferentially taken up by
neurons in the rodent brain after intracerebral administration
(Yee et al., 1994) or intracerebroventricular (ICV) administration
(Wahlestedt, 1994). In behavioural studies, ICV administration of
antisense ODNs could be used to interrupt specific gene expression in
the brain (Chiasson et al., 1992; Ghosh et al., 1993; Ogawa & Pfaff,
1998) or in the hypothalamus (Hulsey et al., 1996).

Materials and methods

Animal treatments

Male Wistar rats, with a weight of 200–300 g, were obtained from
the National Laboratory Animal Center. They were housed individu-
ally in a cage, maintained at 22 ± 2 �C in a room with a
12-h light : 12-h dark cycle (light on at 06:00 h) and habituated to
frequent handling. The administration of the drug and the checking of
food intake were performed every day at the beginning of dark phase
(18:00 h). All procedures were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals as adopted by the
National Institutes of Health. This study has been approved and
reviewed by National Science Council, Taiwan, ROC.
To examine the effect of repeated treatments of AMPH (Sigma-

Aldrich, MO, USA) on feeding behaviour, rats (n ¼ 6–8 for each
group) were injected intraperitoneally (i.p.) with the drug at doses of 0,
2 or 4 mg ⁄ kg daily for 4 days. The first time AMPH was injected was
at the end of Day 0 (i.e. at the beginning of Day 1) and the intake data
was calculated with respect to the food amount of the previous day.
To determine the effect of daily AMPH (0 or 2 mg ⁄ kg; i.p.) on

hypothalamic NPYand PKC mRNA levels, rats were injected with the
drug once a day for 1, 2, 3 or 4 days depending on the group of rats.
Rats were divided into five groups (n ¼ 4–6 for each group) according
to the day to be killed. In other words, rats in Day 1 group were
treated with AMPH daily for 1 day and then killed at the end of Day 1
(at 18:00 h), and rats in Day 2 group were treated with AMPH daily
for 2 days and then killed at the end of Day 2 (at 18:00 h).
Accordingly, rats of the other groups were treated with AMPH daily
for 3–4 days until the day to be killed. Upon the day to be killed, rats
received a treatment of 2 mg ⁄ kg AMPH at 40 min before killing to
enhance the effect of the drug, and then rats were anaesthetized and
decapitated. Following the decapitation, the hypothalamus was
removed to determine the levels of NPY and PKC mRNA.
Studies to assess the effects of ICV injection of PKCa antisense on

AMPH-induced anorexia and NPY mRNA as well as PKCa mRNA
levels are described in the relevant sections.

RNA extraction

Hypothalamic NPY and PKC mRNA levels were measured in a block
of mediobasal hypothalamic tissue as described previously (Morris,
1989). In brief, total RNA was isolated from tissues using a modified
guanidinium thiocyanate-phenol-chloroform method (Chomczynski &
Sacchi, 1987). Each hypothalamic block was homogenized in 1 mL of
TRIZOL reagent (Life Technologies, Inc., Grand Island, USA) using
an Ultrasonic Processor (Vibra Cell, Model CV17; Sonics & Materials
Inc., Danbury, Connecticut, USA). After an incubation at 22 �C for
5 min, 0.2 mL of chloroform was added to each sample, the samples
shaken vigorously for 15 s, incubated at 22 �C for 3 min, and then
centrifuged at 12 000 · g for 15 min at 4 �C. After removal of the
aqueous phase and precipitation with 0.5 mL isopropanol, samples
were incubated at 22 �C for 10 min and centrifuged at 12 000 · g for
15 min at 4 �C. The gel-like RNA pellets were washed with 75%
ethanol by vortexing and centrifugation at 7500 · g for 5 min at 4 �C.
Thereafter, RNA pellets were dried briefly, dissolved in RNase-free
water, and stored at )80 �C. The RNA was determined spectropho-
tometrically at 260 nm (Hitachi U-3210, Japan).

Reverse transcription-polymerase chain reaction (RT-PCR)

Using the 1st Strand cDNA Synthesis Kit (Boehringer Mannheim
GmbH, Germany), RNAwas reversely transcribed into single-stranded
cDNA. For each sample, 8 lL of sterile DEPC water containing 2 lg
of RNAwere added to oligo-p(dT)15 primer (0.8 lg ⁄ lL) followed by
being denatured at 65 �C for 15 min, cooled at 25 �C for 10 min, then
added to a reaction mixture consisting of 10· reaction buffer (100 mm

Tris, 500 mm KCl; pH 8.3), deoxynucleotide mix (10 mm each),
MgCl2 (25 mm), RNase inhibitor (40 unit ⁄ lL), and AMV reverse
transcriptase (25 unit ⁄ lL). Reaction mixtures were incubated at 42 �C
for 2 h and then heated to 95 �C for 5 min to terminate the reaction
followed by soaking at 16 �C. PCR was subsequently carried out by
mixing 3 lL of cDNA product with mastermix solution consisting of
DEPC water, 10· reaction buffer, MgCl2 (25 mm), deoxynucleotide
mix (10 mm each), P1 and P2 primers (1 lg ⁄ lL each), and Taq
polymerase (5 unit ⁄ lL). Sequences of primers used in this experiment
are shown in Table 1. With glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) being used as an internal standard calibrator, PCR
reactions for NPY were carried out on a PCR thermocycler (GeneAmp
PCR System 2700, CA, USA) with the following steps: 91 �C for
1 min (denaturing), 60 �C for 1 min (annealing), and 72 �C for 30 s
(extension) for 28 cycles followed by a final elongation step at 72 �C
for 7 min, and finally the PCR products were soaked at 16 �C. PCR
reactions for other molecules analysed were carried out in steps similar
to those described above except for changes to two steps (annealing
and cycles) that were as follows: PKCa (52 �C, 28 cycles), PKCbI
(61 �C, 28), PKCbII (60 �C, 28), PKCc (56 �C, 28), PKCd (55 �C,
25), PKCg(61�C, 25), PKCk (60�C, 28), PKCe (55 �C, 25), PKCf
(60 �C, 28), GAPDH (52 �C, 25).

Gel electrophoresis

After RT-PCR, 8 lL of each PCR product was subsequently separated
by flat-bed gel electrophoresis on a 3% agarose gel (Difco, Detroit,
MC, USA). Gels stained by ethidium bromide (0.5 lg ⁄mL, Sigma-
Aldrich Co., MO, USA) were visualized under UV light, photo-
graphed, and then scanned densitometrically (Hoefer, San Francisco,
CA, USA). Ratios of NPYand GAPDH mRNA for each treatment day
were calculated to determine relative NPY mRNA levels. Contents of
NPY mRNA in AMPH-treated group were indicated as the percentage
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of control group. Similar steps were used to determine the contents of
PKC mRNA of each isotype.

Lateral ventricular cannulation

Rat surgery was performed under anaesthesia with pentobarbital
(30 mg ⁄ kg, i.p.) using stereotaxic apparatus (Kopf Model 900,
Tujunga, CA, USA). The target of cannulation was close to the
junction between the right lateral ventricle and the third ventricle
(coordinates 0.8 mm posterior to Bregma, 1.5 mm from the midline,
and 3.5–4.0 mm below the dura; Paxinos & Watson, 1986). A 23-g
stainless steel guide cannula was implanted and secured to the skull
using stainless-steel screws and dental cement. Correct placement was
confirmed by observing a transient and rapid inflow of vehicle in the
PE tube connected to a 28-g injector cannula. The cannula was then
occluded with a 28-g stylet. For intracerebroventricular (ICV) infusion
of antisense, the stylet was replaced with a 28-g injector cannula
extending 0.5 mm below the tip of guide cannula. Behavioural testing
began at 1 week after surgery. For all experiments verification of
cannula placement was carried out by the administration of angioten-
sin II (100 ng ⁄ rat; Sigma-Aldrich Co., MO, USA). Angiotensin II
reliably induced water drinking in non-deprived rats when adminis-
tered into the ventricles (Ritter et al., 1981). Only data from rats
drinking more than 10 mL within 30 min were included in this study.

ICV injection of antisense ODN

To determine the effect of PKCa antisense on the anorectic response of
AMPH, rats (n ¼ 6–8 for each group) were daily injected withmissense
or antisense (20 lg in a 10-lL vehicle; ICV) 1 h before daily treatment
of AMPH (4 mg ⁄ kg; i.p.) for 4 days. Before AMPH treatment, rats
should be ICVinjectedwith a similar dose ofmissense or antisense daily
for 2–3 days until the response of feeding behaviour was slightly
reduced in antisense group. This is due to the fact that either continuous
or repeated ICV injections of antisense may be necessary to maximize
the behavioural effect and especially to block the synthesis of

constitutively active gene products (Zhang & Creese, 1993; Ogawa &
Pfaff, 1998). 20-mer oligodeoxynucleotides targeting rat PKCamRNA
were screened as described (Dean & McKay, 1994). The sequences of
the PKCa antisense and missense ODN were 5¢-GAC
ATCCCTTTCCCCCTCGG-3¢ (ISIS22703, beginning at position
1973 in the rat PKCa mRNA), and 5¢-CGTCCTCAGTCGTCCCT
CAC-3¢ (ISIS22702), respectively. We used ODNs that were phos-
phorothioate-modified (S-ODN) only on the three terminal bases of both
the 5¢ and 3¢ ends (Proligo Pty Ltd, Singapore), because these S-ODNs
had been shown to produce sequence-specific effects without detectable
toxicity in brain region and was regarded as a well-established agent in
several vertebrate systems (Widnell et al., 1996a; Ogawa&Pfaff, 1998).
Both antisense and missense S-ODN were dissolved in artificial
cerebrospinal fluid containing 140 mm NaCl, 3.35 mm KCl, 1.15 mm

MgCl2, 1.26 mmCaCl2, 1.2 mmNa2HPO4, 0.3 mmNaH2PO4, pH 7.4.
Another experiment was designed to determine the effect of

pretreatment of PKCa antisense or missense on NPY mRNA levels in
AMPH-treated rats. Rats (n ¼ 6–8 for each group) were daily injected
with antisense or missense (20 lg in a 10-lL vehicle; ICV) at 1 h
before daily AMPH (4 mg ⁄ kg; i.p.) for 2 days (Day 0 and Day 1).
Before AMPH treatment, rats should be ICV injected with a similar
dose of antisense or missense daily for 2–3 days until the response of
feeding behaviour was slightly reduced in antisense group. At 40 min
after AMPH treatment, the hypothalamus was removed from the brain
and its NPY mRNA content was determined by RT-PCR.
To determine the effect of pretreatment of PKCa antisense or

missense on PKCa mRNA level in saline-treated rats, rats (n ¼ 4–6
for each group) were daily injected with antisense or missense (20 lg
in a 10-lL vehicle; ICV) for 2–3 days until the response of feeding
behaviour was slightly reduced in the antisense group. At 40 min after
the last treatment of antisense or missense, the hypothalamus was
removed from the brain and its PKCa mRNA content was determined
by RT-PCR.

Western blotting

Protein samples extracted from hypothalamus tissue were separated in
a 12.5% polyacrylamide gel, transferred onto a nitrocellulose mem-
brane and then incubated separately with specific PKCa antibodies
(Transduction Laboratories, Lexington, KY, USA) and a-tubulin
antibodies (Gibco BRL, Life Technologies, Inc., Rockville, MD,
USA). After incubation with horseradish peroxidase goat anti-rabbit
IgG, the colour signal was developed by 4-chloro-1-napthol ⁄ 3,3¢-
diaminobenzidine, 0.9% (w ⁄ v) NaCl in Tris-HCl (Sigma Chemical
Co., St. Louis, MO, USA). Relative photographic density was
quantified by scanning the photographic negative film on a Gel
Documentation and Analysis System (AlphaImager, 2000, Alpha
Innotech Corporation, San Leandro, CA, USA).

Statistical analysis

Data were presented as mean ± SEM. Two-way or one-way anova

followed by Dunnett’s test were used to detect significances among
groups. P < 0.05 was considered to be statistically significant.

Results

The effect of AMPH treatment on feeding behaviours

The changes of food intake in rats receiving AMPH are shown in
upper panel of Fig. 1. Using two-way anova to repeatedly measure

Table 1. The sequences of primers used in RT-PCR

Primer Sequence 5¢ fi 3¢

Size of
product
(base pairs)

NPY Sense GGGCTGTGTGGACTGACC 264
Antisense GGAAGGGTCTTCAAGCCT

PKC a Sense TGAACCTTCAGTGGAATGAGT 325
Antisense GGCTGCTTCCTGTCTTCTGAA

PKC bI Sense TGTGATGGAGTATGTGAACGGGGG 639
Antisense TCGAAGTTGGAGGTGTCTCGCTTG

PKCbII Sense GACCGGTTTTTCACCCGCCA 309
Antisense CCATCTCATAGAGATGCTCC

PKC d Sense CACCATCTTCCAGAAAGAACG 352
Antisense CTTGCCATAGGTCCCGTTGTTG

PKC e Sense CGAGGACGACTTGTTTGAATCC 389
Antisense CAGTTTCTCAGGGCATCAGGTC

PKC g Sense CCCGCAACCACCCCTTCCTCA 561
Antisense AGCGCATGGTGGGGTTCTTGGTC

PKC c Sense CAGCATCGACCAAGCTGATTT 347
Antisense ATACCGCGCTCCCTGTCTGTGAAA

PKC k Sense ATACCGCGCTCCCTGTCTGTGAAA 408
Antisense ATGCTAACTGTGACCGGGCTAACG

PKC f Sense CGATGGGGTGGATGGGATCAAAA 681
Antisense GTATTCATGTCAGGGTTGTCTG

GAPDH Sense TCCCTCAAGATTGTCAGCAA 309
Antisense AGATCCACAACGGATACATT
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the effect of AMPH from Day 1 to Day 4, a significant dose effect
(F2,20 ¼ 10.8, P < 0.01) and time effect (F4,35 ¼ 3.6, P < 0.01) was
revealed, but it was not inclusive of the interaction effect. Dunnett’s
test (P < 0.05) revealed that a treatment with 2 mg ⁄ kg AMPH
reduced the food intake from Day 1 to Day 3, and that treatment with
4 mg ⁄ kg AMPH reduced food intake from Day 1 to Day 4 when
compared to controls. This result revealed that repeated treatments of
2 mg ⁄ kg AMPH could produce a marked anorectic response on
Day 1 and induced a gradual tolerant effect on the following days.

However, with a dose of 4 mg ⁄ kg AMPH, it could produce a
continuous anorectic response during a four-day period.

The effect of AMPH treatment on hypothalamic NPY mRNA
levels

Results shown in lower panel of Fig. 1 revealed that a daily treatment
of AMPH (2 mg ⁄ kg) for 4 days resulted in a significant decrease in
NPY mRNA levels. Analysis with one-way anova (F4,25 ¼ 5.7,
P < 0.01) followed by Dunnett’s test (P < 0.05) indicated a signifi-
cant decrease of NPY mRNA contents on Day 1, Day 2 and Day 3 as
compared with the control group. Moreover, the changes of NPY
mRNA levels were consistent with the changes of feeding behaviour
during four-day repeated treatments of AMPH, revealing the involve-
ment of NPY gene in AMPH anorexia. In addition, this result also
revealed that the development of AMPH tolerance was relevant to the
restoration of NPY gene expression.

The effect of AMPH treatment on hypothalamic PKC mRNA
levels

Results shown in Fig. 2 revealed that a daily treatment of AMPH
(2 mg ⁄ kg) for 4 days resulted in a significant increase in mRNA
levels of a, d and k isotypes. Analysis with one-way anova followed
by Dunnett’s test (P < 0.05) indicated a significant increase of a
(F4,25 ¼ 4.1, P < 0.05), d (F4,25 ¼ 2.9, P < 0.05) and k (F4,25 ¼ 3.2,
P < 0.05) isotypes on Day 1 and Day 2 as compared with the control
group. The increased values of mRNA content were approximately
210 ± 42% in a isotype, approximately 132 ± 35% in d isotype, and
approximately 140 ± 22% in k isotype as compared to the control
group. This result revealed that the a, d and k genes were activated in a
similar manner during a repeated treatment of AMPH.
Results shown in Fig. 3 revealed that a daily treatment of AMPH

(2 mg ⁄ kg) for 4 days resulted in a significant effect on mRNA levels
of c, bII, g and f isotypes. Analysis with one-way anova followed by
Dunnett’s test (P < 0.05) indicated a significant effect on the increases
of bII isotype on Day 1 (F4,25 ¼ 3.9, P < 0.05), and g isotype from
Day 2 to Day 4 (F4,25 ¼ 4.2, P < 0.05) as compared with the control
group. However, it also revealed an inhibitory effect on c isotype on
Day 3 and Day 4 (F4,25 ¼ 4.9, P < 0.01), and f isotype on Day 4
(F4,25 ¼ 2.8, P < 0.05) as compared with the control group. This
result suggests that c, bII, g and f genes are expressed in a manner
different from that of a, d and k isotypes during a repeated treatment
of AMPH. Moreover, these four isotypes are expressed in a specific
manner when compared with each other.
Finally, there were no significant changes in mRNA levels of bI and

e isotypes during a four-day treatment of AMPH (data not shown).

Effects of ICV injection of antisense S-ODN on AMPH anorexia

As shown in the upper panel of Fig. 4, a pretreatment of PKCa
antisense S-ODN in AMPH-treated rats partially blocked the anorectic
response of AMPH, indicating the involvement of the a gene in
AMPH anorexia. Using two-way anova to analyse the effect of
PKCa antisense pretreatment on AMPH anorexia from Day 1 to
Day 4, significant dose-dependent (F3,27 ¼ 4.1, P < 0.01) and time-
dependent effects (F4,34 ¼ 3.6, P < 0.01) were revealed; however, it
was not inclusive of the interaction effect. Comparing the food intake
between antisense ⁄AMPH-treated and AMPH alone-treated rats every
day, significant effect was seen on Day 1, Day 2 and Day 3.
Furthermore, a significant effect was also seen from Day 1 to Day 4

Repeated Amphetamine Treatment (days)

0 1 2 3 4

F
o

o
d

 In
ta

ke
 (

g
/d

ay
)

8

12

16

20

24

28

32

Control
AMPH(2mg/kg)
AMPH(4mg/kg)

*

*

*

*

*

*
*

NPY

Repeated Treatment of Amphetamine (Days)

Day0 Day1 Day2 Day3 Day4

N
P

Y
 m

R
N

A
 C

on
te

nt
s 

(%
 C

on
tr

ol
)

50

60

70

80

90

100

110

*
*

*

(A)

(B)

Fig. 1. (A) Effects of repeated treatments of amphetamine (AMPH) on daily
food intake over a four-day period. The first injection of AMPH was performed
at the end of Day 0 (i.e. at 18:00 h). Each point represents the mean ± SEM of
6–8 rats. *P < 0.05 vs. control group of each treatment day. (B) Effects of
repeated amphetamine (AMPH) treatments on hypothalamic NPY mRNA
levels over a four-day period. Upper panel, the results of RT-PCR analysing
hypothalamic mRNA for NPY and GAPDH in stained ethidium bromide gels.
Lower panel, relative densitometric values for RT-PCR products of hypotha-
lamic NPY mRNA of AMPH- and saline-treated groups. The content of NPY
mRNA in AMPH-treated group was indicated as the percentage of control. Bars
were mean ± SEM. n ¼ 4–6 each group. *P < 0.05 vs. control.
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by comparing antisense ⁄AMPH-treated and missense-treated (control)
rats. The feeding response in missense alone-treated rats was similar to
that in saline-treated rats (shown in Fig. 1) during a four-day period of
treatment. Moreover, the anorectic response in missense ⁄AMPH-
treated rats was not significantly changed when compared to that in
AMPH alone-treated rats during a four-day period of treatment. These
results reveal the non-interference of missense treatment in this study.
This result indicates that PKCa knock down modify the feeding
responses of repeated AMPH treatments.

Effects of ICV injection of antisense S-ODN on NPY mRNA
levels

Results shown in the lower panel of Fig. 4 revealed that pretreatment
of PKCa antisense in AMPH-treated rats resulted in a partial
restoration of hypothalamic NPY mRNA content to the normal level.
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Fig. 3. Effects of repeated amphetamine (AMPH) treatment on hypothalamic
PKC mRNA levels over a four-day period. Upper panel, the results of RT-PCR
analysing mRNA levels of PKC isotype (c, bII, g and f) in stained ethidium
bromide gels. Lower panel, relative densitometric values for RT-PCR products
of PKC mRNA in AMPH-treated and control groups. Content of PKC mRNA
in AMPH-treated group (Day 1 to Day 4) was indicated as the percentage of
control (Day 0). Bars were mean ± SEM. n ¼ 4–6 each group. *P < 0.05 vs.
control.
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Using GAPDH as the internal standard, the ratio of NPY mRNA over
GAPDH mRNA in each group was calculated and compared. By one-
way anova (F2,18 ¼ 3.5, P < 0.05) followed by Dunnett’s test
(P < 0.05), it revealed that the NPY mRNA content was decreased in
both AMPH-treated and antisense ⁄AMPH-treated rats as compared
with the control (missense-treated) group. Moreover, significant
decrease was also observed in antisense ⁄AMPH-treated rats as
compared with the AMPH-treated group. These results reveal that
PKCa signalling is involved in the regulation of NPY gene expression
in AMPH-treated rats.

Effects of ICV injection of antisense S-ODN on PKCa mRNA
and protein levels

Results shown in the left panel of Fig. 5 revealed that pretreatment of
PKCa antisense in saline-treated rats resulted in a significant decrease
of PKCa mRNA levels. Using GAPDH as the internal standard, the
ratio of PKCa mRNA over GAPDH mRNA in each group was
calculated and compared. Statistical analysis using the t-test
(P < 0.05) revealed that the PKCa mRNA content was decreased in
antisense-treated rats as compared with the control (missense-treated)
group. This result reveals that ICV injection of PKCa antisense is
effective in reducing the hypothalamic PKCa mRNA levels in rats.
Results shown in the right panel of Fig. 5 revealed that pretreatment

of PKCa antisense in saline-treated rats resulted in a significant
decrease of PKCa protein levels. Using a-tubulin as the internal
standard, the ratio of PKCa over a-tubulin in each group was
calculated and compared. Statistical analysis using the t-test
(P < 0.05) revealed that the PKCa content was decreased in
antisense-treated rats as compared with the control (missense-treated)
group. This result reveals that ICV injection of PKCa antisense is
effective in reducing the hypothalamic PKCa protein level in rats.

Discussion

It has been reported that NPY is involved in the anorectic action of
AMPH. However, the contribution of the PKC signal pathway in this
action is still unknown. In this study, we found that several isotypes of
PKC, including cPKC isotypes (a, bII and c, but not bI), nPKC
isotypes (d and g, but not e) and aPKC isotypes (f and k) were
stimulated during a four-day period of repeated AMPH treatment.
From the response of feeding behaviours, it appears that daily

AMPH induces a marked anorectic response on Day 1 followed by a
gradual tolerant response on the subsequent days. This alteration of
feeding responses is consistent with changes of NPY gene expression.
This result confirms that NPY is involved in regulating the AMPH
anorexia, and it is therefore rational to speculate that the induction of
AMPH tolerance is relevant to the restoration of NPY gene
expression.
The a gene was activated during repeated AMPH treatments, and

the mRNA levels of a after AMPH treatment were increased during
Day 1 and Day 2 and returned gradually to normal level on the
following days. Moreover, the mRNA level in the a isotype increased
approximately two-fold, which was the most significant when
compared with the other activated isotypes in AMPH-treated rats. It
has been reported that the a isotype is distributed in all tissues, unlike
other isoforms whose expression is restricted in the particular tissues
(Dempsey et al., 2000). This ubiquitously expressed isotype is
activated in response to many kinds of stimuli and is therefore
implicated in a variety of cellular functions (Nakashima, 2002). Thus,
it is rational to predict that a isotype is activated during AMPH
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treated (4 mg ⁄ kg, i.p.) rats. NPY mRNA levels were measured by RT-PCR.
Content of NPY mRNA in drugs-treated rats was indicated as the percentage of
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treatment. Furthermore, the alteration of amRNA levels is almost
reciprocal to changes of NPY mRNA levels during AMPH treatment.
This result implies that a signalling might play an inhibitory role in
reducing NPY gene expression during AMPH treatment. To test this
possibility, we examined the effects of ICV injection of PKCa
antisense on AMPH-induced anorexia and NPY mRNA level. The
results reveal that PKCa knock down blocks the feeding behaviour
and restores the NPY mRNA levels in AMPH-treated rats. Thus, it is
suggested that a signalling is involved in the regulation of AMPH
anorexia by a negative modulation of NPY gene expression.

Based on this finding, it is possible that AMPH might activate the
PKCa signalling in a distinct population of hypothalamic neurons and
in turn inhibit NPY-producing neurons. For example, AMPH might at
first activate the PKCa signalling in CART (cocaine- and amphetam-
ine-regulated transcript)-producing neurons and then inhibit NPY-
producing neurons to produce appetite suppression. CART is a potent
appetite-suppressing peptide, which can be induced by an acute dosing
of cocaine or AMPH and is highly expressed in the hypothalamus
(Koylu et al., 1997). It has been reported that CART is closely
associated with the actions of NPY as immunohistochemical studies
reveal that NPY-positive varicosities are observed around CART
peptide-positive cell bodies in the hypothalamus (Lambert et al.,
1998). Similar to the role of CART-producing neurons, the involve-
ment of other appetite-suppressive systems, such as proopiomelano-
cortin (POMC), should also be considered.

An ICV injection of PKCa antisense S-ODN in this study was
sufficient to block the expression of both PKCa mRNA and protein
in vivo in hypothalamus. Moreover, this antisense could modulate
hypothalamic NPY gene expression that in turn could modify the
AMPH-induced feeding behaviour. Compared to unmodified ODNs,
S-ODNs are known to exert greater effects at much lower concen-
trations due to their higher intracellular stability (Ghosh et al., 1993).

For in vivo application, S-ODNs were also more stable than ODNs
after both ICV and intracerebral administration (Whitesell et al.,
1993). These findings suggest that the antisense S-ODN method can
be used as a tool to study causal relationships between molecular
processes in the brain and behaviour. As the treatment of metham-
phetamine decreased NPY mRNA expression in the hypothalamic
arcuate nucleus (Crowley et al., 2005), which was the original site of
the NPYergic pathway, located next to the third ventricle in the brain,
it is possible that PKCa antisense S-ODN, which was administered
into the lateral ventricle of the brain in this study, might circulate via
the cerebrospinal fluid into the third ventricle and then penetrate into
the arcuate nucleus to interfere with the NPY gene expression.
The PKCa isozyme might play its role at the site of postsynaptic

neurons rather than presynaptic nerve terminals. This hypothesis can be
supported by two recent researches. Firstly, it has been reported that the
PKCa isozyme is not relevant to the regulation of dopamine transporter
(DAT), which is a presynaptic protein and the substrate of AMPH,
because the coimmunoprecipitation study and the study with overex-
pression of PKCa strongly suggested that this isozyme neither bound to
DAT nor affected DAT-mediated dopamine efflux in rat brain (Johnson
et al., 2005). Secondly, another report indicated that an induction of
long-term depression (LTD) required a postsynaptic cascade involving
the activation of PKCa. LTD was absent in Purkinje cells in which the
PKCa had been reduced by targetedRNA interference or in cells derived
from PKCa null mice. However, in both cases, LTD could be rescued by
expression of PKCa but not other PKC isoforms (Leitges et al., 2004).
Thus, it is possible that PKCa functioned at the site of postsynaptic
neurons, which might be NPY, CART or POMC neurons or other
appetite-related neurons, but not at the site of presynaptic terminals
interfering with AMPH-induced anorexia.
The d and k isotypes were activated in a manner similar to

the a isotype and thus might be involved in the modulation of
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Fig. 5. Effects of PKCa antisense or missense treatment on hypothalamic (A) PKCa mRNA and (B) PKCa protein levels. (A) Upper panel, the results of RT-PCR
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AMPH-induced anorexia. Recently, d and k isotypes were emerging as
an oxidative stress-sensitive kinase (Kanthasamy et al., 2003; Kitazawa
et al., 2003; Fujita et al., 2004). AMPH has been regarded as a
neurotoxin as it can increase the oxidative state of animals and produce
oxidative damage to dopaminergic neurons (Yamamoto & Zhu, 1998;
Cubells et al., 1994). Unpublished data in our laboratory (D.Y. Kuo &
Y.S. Hsieh, unpublished observations) showed that an antioxidative
enzyme superoxide dismutase (SOD) was also activated during a
four-day period of repeated AMPH treatment, and the alterations of
SOD mRNA levels during this period were parallel with those of
PKCa, d and k. Thus, it is possible that a, d and k signalling in
dopaminergic neurons is activated due to the increased oxidative stress
induced by AMPH treatment, which in turn would attenuate NPY gene
expression. However, this possibility needs to be investigated further.
The changes of dmRNA levels were consistent with the changes of

amRNA levels, reflecting that there could be a certain cross-
regulation between a and d isotypes (Romanova et al., 1998; Dempsey
et al., 2000; Mandil et al., 2001). Several reports indicated that both
isoforms could promote a number of biological effects and could
mutually regulate the expression and activity of other isoforms
(Romanova et al., 1998; Murakami et al., 2002). Thus, a and
d isotypes might play their functional role in a manner of mutual
cooperation to modulate AMPH anorexia.
The bII gene was activated on Day 1 during AMPH treatment. The

b isotype has been reported to be involved in the regulation of stress-
activated protein kinase activation in myeloid leukaemia cells (Kaneki
et al., 1999) and the regulation of NPY gene expression in
neuroblastoma cells (Troller et al., 2001). Thus, it is possible that
the activation of bII signalling is involved in the inhibition of NPY
gene expression. The g gene is also activated during AMPH treatment.
However, unlike other isotypes, the level of PKCg mRNA increased
gradually during AMPH treatment, revealing a different and specific
mechanism of g signalling in AMPH-treated rats.
Instead of being activated, c and f genes were inhibited during

repeated AMPH treatments, implying that c and f signalling are
expressed in a different pathway during AMPH treatment. It is
possible that the decreased expression of c and f genes induced by
AMPH treatment might disinhibit some neuromodulatory systems that
play an inhibitory role in NPY gene expression (Barnea & Cho, 1993;
Corbit et al., 2000; Fujita et al., 2004).
The present data provide a molecular basis for the anorectic effect of

AMPHand imply thatmanipulations at the level of PKCmight allow the
development of therapeutic agents to improve the undesirable properties
of AMPH. As most studies examining PKC and drugs of abuse did not
differentiate between isoforms, it may be possible that targeting one
particular isoform could avoid many undesirable side-effects. However,
only the signalling of the PKCa isozyme is appropriately demonstrated
in this study. It is still uncertain whether other PKC isoforms stimulated
in the present findingsmight be involved in themodulation of NPYgene
expression or the anorectic effect of AMPH. The administration of the
corresponding PKC antisense S-ODNs into the brain will be carried out
in further studies.
In summary, the present results show that at least seven PKC

isotypes in the hypothalamus are stimulated during a repeated
treatment of AMPH and that the a isotype is involved in the
modulation of NPY gene expression, which participates in the
anorectic response of AMPH.
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