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1 We destroyed dentate granule cells unilaterally or bilaterally by means of intrahippocampal
injection of colchicine in rats. Subsequently, we observed behavioural changes following the
intraperitoneal injection of 2 mg kg71 methamphetamine or saline, in addition to quantitatively
assessing Fos protein expression in several brain regions, including the medial prefrontal cortex,
cingulate cortex, piriform cortex, dorsal striatum, and nucleus accumbens.

2 Bilaterally lesioned animals, when administered saline, showed a marked increase in locomotor
activity compared with those of non-lesioned animals. With respect to the methamphetamine
response, bilateral destruction resulted in a marked enhancement of locomotor activity, while the
unilateral destruction led to a marked increase in rotation predominantly contralateral to the
lesioned side, with no identi®able change in locomotor activity.

3 Bilaterally lesioned animals, when administered saline and having undergone an immunohisto-
logical examination, showed a marked increase in Fos expression in both sides of the nucleus
accumbens. Bilaterally lesioned animals administered methamphetamine showed a marked increase
in Fos expression in the right and left sides of all regions tested. Unilaterally lesioned animals
administered methamphetamine showed a signi®cant and bilateral enhancement in Fos expression in
the medial prefrontal and cingulate cortices, and a marked and unilateral (ipsilateral to the lesioned
side) enhancement of Fos protein in the piriform cortex, dorsal striatum, and nucleus accumbens.

4 The present ®ndings suggest that dentate granule cells regulate methamphetamine-associated
behavioural changes through the function of widespread areas of the brain, mostly the nucleus
accumbens.
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Introduction

The hippocampus, a structural part of the limbic system,
receives its primary a�erent inputs from the polymodal

association areas of the entorhinal cortex. The hippocampus,
in turn, sends outputs to the nucleus accumbens (Groenewe-
gen et al., 1987), dorsal striatum (Groenewegen et al., 1987),

and neocortical areas (Jay et al., 1989; White et al., 1990; Jay
& Witter, 1991), which have been implicated in the
production and modulation of locomotor activity, rotational

movement, and stereotyped behaviour induced by the indirect
dopamine agonists, methamphetamine and amphetamine
(Pijnenburg & Van Rossum, 1973; Kelly et al., 1975; Carboni

et al., 1989; Colle & Wise, 1991; Antoniou & Kafetzopoulos,
1992). Lesion placement in the bilateral hippocampi, induced

by aspiration (Whishaw & Mittleman, 1991; Mittleman et al.,
1993), or intrahippocampal injection of either ibotenic acid
(Lipska et al., 1992) or combined kainic acid/colchicine

(Wilkinson et al., 1993; Schaub et al., 1997), has been shown
to greatly enhance amphetamine-induced locomotor activity
in rats. Hippocampal unilateral lesions have also been seen to

cause an increase in rotational activity after the administra-
tion of amphetamine (Glick et al., 1980). Accordingly,
damage to the hippocampus, its intrinsic neuronal popula-
tions, or its network of a�erent and e�erent ®bres may

in¯uence amphetamine-induced behavioural changes.
Furthermore, selective and bilateral destruction of the dentate
granule cells, followed by the microinjection of amphetamine

into both sides of the nucleus accumbens, has resulted in a
signi®cant increase in locomotor activity (Emerich & Walsh,
1990). This ®nding suggests functional interactions between
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the dentate granule cells and the nucleus accumbens that are
expressed as perturbations in locomotor activity. However,
the e�ects of manipulation of the dentate granule cells on the

dynamics of other brain structures, which are associated with
amphetamine- or methamphetamine-induced behaviours and
which receive dopaminergic innervations, have not been
adequately explored.

The c-fos gene has provided a useful marker to trace
the e�ects of pharmacological, electrical, and physiological
stimuli in the central nervous system, because these stimuli

immediately cause mature neurons to induce c-fos (Morgan
& Curren, 1991). Immunocytochemistry has indicated that
methamphetamine administration produces Fos-like immu-

noreactivity in a wide variety of brain areas of the rat,
and that it dose-dependently increases the density of Fos-
like immunoreactive cells (Umino et al., 1995). Therefore,

this method is useful to investigate regional changes in
neuronal activity associated with methamphetamine admin-
istration.
In the present study, we destroyed the dentate granule cells

unilaterally or bilaterally by injecting colchicines into the
hippocampi of rats. Subsequently, we observed behavioural
changes following the intraperitoneal injection of metham-

phetamine or saline. We also quantitatively assessed the
expression of Fos protein in several brain regions, including
the medial prefrontal cortex, cingulate cortex, piriform

cortex, dorsal striatum, and nucleus accumbens, since these
regions are innervated by dopaminergic terminals (Unger-
stedt, 1971; Emson & Koob, 1978; Lindvall et al., 1978;

Loughlin & Fallon, 1984; Datiche & Cattarelli, 1996), and
since methamphetamine administration has been seen to
signi®cantly induce Fos expression in all of these regions
(Umino et al., 1995).

Methods

Animals and surgery

Male Sprague-Dawley rats weighting 220 ± 240 g (Japan SLC,
Japan) were used. The animals were housed 3 ± 4 per cage in
a temperature- and humidity-controlled colony room which
was maintained on a 12-h light/dark cycle with lights on at

0600 h. Food and water were freely available. The animals
were divided into three groups: the bilaterally lesioned (BL)
(n=16), unilaterally lesioned (UL) (n=14), and control (C)

(n=14) groups. Colchicine was dissolved in saline at
10 mg ml71. For bilateral lesions, the BL group animals were
positioned in a stereotaxic apparatus under pentobarbitone

anaesthesia (50 mg kg71, i.p.), followed by bilateral injections
of 0.5 ml of 5 mg colchicine into both the dorsal and ventral
hippocampi over a period of 5 min using a microinjection

pump (EP-60, EICOM, Japan). The coordinates were derived
from the atlas of Paxinos and Watson (1986) (3.3 mm
posterior, 1.6 mm lateral, 3.7 mm deep for dorsal side;
5.3 mm posterior, 4.5 mm lateral, 5.6 mm deep for ventral

side). The cannulae were left in place for an additional 2 min
after the end of the infusion. The UL group was administered
0.5 ml of colchicine 5 mg solution into the right side of the

dorsal and ventral hippocampi, and an equal volume of saline
into the left side of the same regions, according to the same
procedures described for the BL group. The C group received

bilateral injections of 0.5 ml of saline into the dorsal and
ventral hippocampi.

Behavioural observation

Two weeks after injections of intrahippocampal colchicine or
saline, behavioural changes in the BL, UL, and C group

animals were assessed after intraperitoneal injection of
methamphetamine (n=10 for the BL group; n=7 for the
UL group; n=7 for the C group) or saline (n=6 for the BL

group; n=7 for the UL group; n=7 for the C group).
Methamphetamine was dissolved in saline at 2 mg ml71.

For analysis of locomotor activity, an animal movement

analysing system (SCANET SV-10, MATYS, Toyama,
Japan) was used. The system included a rectangular enclosure
(480 mm6300 mm) whose side walls (60 mm high) were

equipped with 144 pairs of photosensors located at 5 mm
intervals. Each pair of photosensors was scanned every 0.1 s
to detect animal movement. An intersection of two paired-
photosensors (10 mm interval) in the enclosure was counted

as one unit of locomotor activity. Forty minutes before
methamphetamine or saline injection, the animals were
placed in a plastic cage (260 mm wide, 440 mm long, and

400 mm high), which was positioned in the analysing system
so that the enclosure's photosensors were set 30 mm above
the cage ¯oor. After collection of data for 40 min, 1 ml

(2 mg) kg71 of methamphetamine or an equal volume of
saline was administered intraperitoneally, followed by data
collection for 90 min. For assessment of rotational beha-

viour, animals were videotaped using a video camera
positioned above the cage. The number of rotations in the
direction of the lesioned (right) and non-lesioned (left) sides
was counted. Subsequently, the net value expressed by the

[(left rotations) ± (right rotations)] was determined. Rotations
were de®ned as complete 3608 turns.

Immunohistochemistry for Fos protein

Upon completion of the behavioural observations, i.e. 90 min

after the methamphetamine or saline injection, all animals
were deeply anaesthetized with pentobarbitone (100 mg kg71,
i.p.). They were then transcardially perfused with 100 ml of
0.15 M NaCl, followed by 500 ml of ice-cold 4% parafor-

maldehyde in 0.1 M phosphate bu�er (pH 7.4). The brains
were removed, post-®xed overnight at 48C in the same
®xative for 24 h, coronally sectioned at a thickness of 70 mm
using a vibratome (Leica VT1000S, Leica, Germany), and
placed in ice-cold 0.01 M phosphate-bu�ered saline (pH 7.4).
Free-¯oating sections were placed in 0.01 M phosphate-

bu�ered saline containing 2% normal goat serum, 0.2%
Triton X-100, and 0.1% bovine serum albumin for 1 h at
room temperature. Sections were incubated for 36 ± 48 h at

48C in a primary antibody (Fos AB-2 rabbit polyclonal
antibody, Oncogene Science, Cambridge, MA, U.S.A.)
diluted 1 : 1,000. Sections were then washed twice in
phosphate-bu�ered saline, incubated for 1 h in a second

antibody (biotinylated goat anti-rabbit IgG adsorbed against
rat serum), and incubated in an avidin-horseradish perox-
idase solution prepared from the Vectastain1 elite ABC kit

(Vector Laboratories Inc., Burlingame, CA, U.S.A.) for 1 h
at room temperature. Sections were washed twice in ice-cold
phosphate-bu�ered saline (pH 7.4) and the antibody reaction
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was developed with 3,3'-diaminobenzidine (0.015%) and
0.001% hydrogen peroxidase in 50 mM Tris HCl (pH 7.4).
After several rinses in phosphate-bu�ered saline (pH 7.4), the

stained sections were mounted on gelatinized slides, dehy-
drated, and coverslipped with Permount1 (Fisher Scienti®c
Co., Fair Lawn, NJ, U.S.A.).
For quantitative analysis, the number of Fos immunor-

eactive neurons within a 0.35 mm2 area was counted, blind to
the animal's status, using an Apple Macintosh with image
analysis software (NIH Image). The anatomical identi®ca-

tions of sections were made according to the atlas of Paxinos
and Watson (1986). The regions (AP coordinates) analysed
were the medial prefrontal cortex (3.2 mm anterior), cingulate

cortex (1.7 mm anterior), piriform cortex (1.7 mm anterior),
dorsal striatum (1.7 mm anterior), and nucleus accumbens
(1.7 mm anterior).

For examination of granule cells, sections prepared for Fos
immunohistochemistry were stained with cresyl violet.

Drugs

Colchicine was purchased from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). Methamphetamine was obtained from

Dai-nippon Pharmaceutical Co., Ltd. (Osaka, Japan).

Statistical analysis

The main dependent variables were the number of locomotor
activities, net rotations, and Fos immunoreactive cells. Two-

way analysis of variance (ANOVA) was conducted to test the
e�ects of `Lesion' (C, UL, and BL) and `Drug' (saline and
methamphetamine) on these dependent variables. When
signi®cant interaction of Lesion and Drug were revealed by

ANOVA, we subsequently repeated one-way ANOVA for
Drug group separately (i.e., saline vs methamphetamine) to
see whether any distinct patterns of the dependent variables

across three levels of Lesion would emerge between the Drug
groups. According to the results of one-way ANOVA, we
further carried out post hoc pair comparisons using the

Fisher's Least Signi®cant Di�erence (LSD) test. In addition,
we examined, using paired t-test, any within-animal di�er-
ences in the number of Fos immunoreactive cells between left
and right sides of ®ve brain regions studied in each of the

three Lesion groups (i.e., laterality). All the values are shown
as mean+standard error of the mean (s.e.mean) in the text.
The statistically signi®cant level was set at P50.05. Analyses

were carried out with the SPSS package for Windows, version
7.5 (SPSS Inc., Chicago, Illinois, U.S.A.).

Results

Histological examination for granule cell destruction

The histological examination indicated that intrahippocampal
colchicine caused almost complete destruction of granule cells

(Figure 1A). In addition, the pyramidal cells in the CA ®elds
were stained much more lightly after colchicine treatment
compared with those after saline injection (Figure 1A,B). The

light staining of the pyramidal cells were comparable with the
®nding of a previous study (Goldschmidt & Steward, 1982).
In that study, however, most lightly stained cells returned to

normal staining intensity 60 days after intrahippocampal
colchicine even at the 25 mg dose. Therefore, the pale-stained
neurons in the CA ®elds apparently survived (Goldschmidt &

Steward, 1982).

Behavioural observation

During the 40-min period before treatment with saline or
methamphetamine, there were no behavioural di�erences

among the C, UL, and BL groups. The number of locomotor
activities for 90 min after saline injection was 3,125.3+910.8
in the C group, 2,749.8+828.2 in the UL group, and
15,979.2+2,974.2 in the BL group animals (Figure 2). The

methamphetamine-induced locomotor activity was 49,041.6+
2,245.8 in the C group, 49,166.3+8,465.5 in the UL group,
and 103,382.3+3,340.1 in the BL group animals (Figure 2).

There was a signi®cant interaction of Lesion and Drug in the
number of locomotor activity (F=14.41, d.f.=2, 38,
P50.001). One-way ANOVA showed the signi®cant di�er-

ence among three Lesion groups after both saline (F=18.47,
d.f.=2, 17, P50.001) and methamphetamine administration
(F=34.36, d.f.=2, 21, P50.001). The BL group showed a

Figure 1 Morphological e�ects of intrahippocampal colchicine (A)
or saline (B). Coronal sections of the dorsal hippocampus stained
with cresyl violet are shown. The granule cells are almost completely
destroyed by colchicine (black arrowheads) (A). The white arrow-
heads show the insertion track of the cannulae used for injecting
saline (B). The calibration bar is 500 mm.
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signi®cantly larger number of locomotions after saline
injection than did the C (P50.001) and UL (P50.001)
group animals, although the latter two groups showed no

signi®cant di�erences (P=0.88). With methamphetamine
treatment, the BL group animals showed a signi®cantly
larger number of locomotions than did the C (P50.001) and
UL (P50.001) group animals, while the latter two groups

showed a similar amount of locomotions (P=0.23).
Rotational responses to saline or methamphetamine are

summarized in Table 1, where there was a strong Lesion X

Drug interaction in the number of net rotations (F=12.1,
d.f.=2, 38, P50.001). One-way ANOVA showed the
signi®cant di�erence among three Lesion groups after

methamphetamine administration (F=13.83, d.f.=2, 21,
P50.001), whereas there was no signi®cant di�erence among
the saline treatment groups (F=0.33, d.f.=2, 17, P= 0.72).

The number of net rotations for the UL group animals after
methamphetamine injection was signi®cantly larger than that
for the C (P50.001) and BL (P50.001) group animals.

Immunohistochemistry for Fos protein

Induction of Fos protein was found in all regions tested after

saline or methamphetamine injection (Figure 3A,B). Two-
way ANOVA revealed a signi®cant Lesion X Drug
interaction in the number of Fos-positive cells on both sides

of all regions except the right piriform cortex: F=4.74,

d.f.=2,38, P=0.015 for the right side and F=9.91,

d.f.=2,38, P50.001 for the left side in the medial prefrontal
cortex; F=6.51, d.f.=2,38, P=0.004 for the right side and
F=5.64, d.f.=2,38, P= 0.007 for the left side in the

cingulate cortex; F=9.02, d.f.=2,38, P=0.001 for the right
side and F=19.99, d.f.=2,38, P50.001 for the left side in the
dorsal striatum; F=7.32, d.f.=2,38, P=0.002 for the right
side and F=5.48, d.f.=2,38, P=0.008 for the left side in the

nucleus accumbens; F=4.18, d.f.=2,38, P=0.023 for the left
side and F=2.13, d.f.=2,38, P=0.13 for the right side in the
piriform cortex (Figure 4). For the right side of the piriform

cortex, there were signi®cant main e�ects of Lesion (F=5.95,
d.f.=2,40, P=0.005) and Drug (F=64.12, d.f.=1,40,
P50.001). In both sides of all regions except the nucleus

accumbens, subsequent one-way ANOVA revealed that these
signi®cant interactions were attributable to the fact that there
were no overall signi®cant Lesion di�erences in the number

of Fos immunoreactive cells for the saline treatment group,
while signi®cant di�erences were evident across the three
Lesion groups for methamphetamine treatment animals:
F=5.86, d.f.=2,21, P=0.010 for the right side and

F=13.07, d.f.=2,21, P50.001 for the left side in the medial
prefrontal cortex; F=9.63, d.f.=2,21, P=0.001 for the right
side and F=7.72, d.f.=2,21, P=0.003 for the left side in the

Figure 2 Amount of locomotor activity after saline or methamphe-
tamine administration in the C, BL, and UL group animals. The
amount of locomotion in the BL group was signi®cantly larger than
that for the C (*P50.001) and UL group (*P50.001) after saline
administration, while the latter two groups showed no signi®cant
di�erence (P=0.88). After methamphetamine administration, the
value for the BL group was markedly larger than that for the C
({P50.001) and UL group ({P50.001), while there was no
signi®cant di�erence in locomotion between the latter two groups
(P=0.23).

Table 1 Net values expressed by the [(left rotations) ± (right
rotations)] in the C, UL and BL group animal following
saline or methamphetamine injection

Saline Methamphetamine

C 70.4+0.4 (n=7) 70.7+28.8 (n=7)
UL 0+0.4 (n=7) 321.7+59.8* (n=7)
BL 0.3+1.1 (n=6) 30.2+43.0 (n=10)

Values are means+s.e.mean. *P50.001, compared with the
corresponding value for the C and BL groups after
methamphetamine administration.

Figure 3 The induction of Fos protein in the dorsal striatum after
saline (A) or methamphetamine administration (B), each from the BL
group. The calibration bar is 100 mm.
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cingulate cortex; F=13.10, d.f.=2,21, P50.001 for the right

side and F=26.83, d.f.=2,21, P50.001 for the left side in the
dorsal striatum; F=4.97, d.f.=2,21, P=0.017 for the right
side and F=12.19, d.f.=2,21, P50.001 for the left side in the

piriform cortex. In contrast, in both sides of the nucleus
accumbens, there were the signi®cant di�erences across three
Lesion groups for both the saline (F=6.47, d.f.=2,17,

P=0.008 for the right side and F=5.28, d.f.=2,17,

P=0.016 for the left side) and methamphetamine
(F=11.27, d.f.=2,21, P50.001 for the right side and
F=12.48, d.f.=2,21, P50.001 for the left side) treatment

animals.
Based on the signi®cant one-way ANOVA results, we

proceeded to carry out post hoc pair comparisons. In the

Figure 4 The number of Fos-positive cells in the medial prefrontal cortex, cingulate cortex, piriform cortex, dorsal striatum, and
nucleus accumbens following saline or methamphetamine administration. The white bars are for the left sides in the regions and the
black bars are for the right sides. Error bars indicate s.e.mean. See also Tables 2A and B for post hoc pair comparisons.
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methamphetamine treatment animals, the BL and UL
groups, when compared to C group, showed a signi®cantly

greater increase in the number of immunoreactive cells in
both sides of the medial prefrontal cortex and cingulate
cortex (see Table 2A for post hoc pair comparisons). There

was no signi®cant di�erence between the BL and UL groups
in these regions. Similarly, in the right side of the piriform
cortex, dorsal striatum, and nucleus accumbens, the BL and
UL groups showed a signi®cant di�erence compared to C

group, whereas there was no signi®cant di�erence between
the BL and UL groups in these regions. In the left side of the
piriform cortex, dorsal striatum, and nucleus accumbens, the

number of Fos-positive cells for the BL group was
signi®cantly elevated compared to that of the C and UL
groups. The UL group did not show a signi®cantly greater

increase in the number of immunoreactive cells compared to
C group in these regions.
In both sides of the nucleus accumbens, in the saline

administration animals, the number of Fos-positive cells
signi®cantly increased in the BL group compared to in the C
and UL groups (see Table 2B for post hoc pair comparisons).
The C, UL, and BL groups, in the saline treatment

animals, showed no signi®cant laterality in the number of
Fos-positive cells in any regions tested (Figure 4). For the
methamphetamine treatment animals, no marked or signi®-

cant laterality in Fos expression was noted in either of the
three Lesion groups in the medial prefrontal cortex and
cingulate cortex. In the piriform cortex, dorsal striatum, and

nucleus accumbens, the BL and C group showed no
signi®cant laterality. For the UL group, however, the number
of Fos-immunoreactive cells on the right side was signi®-
cantly larger than that for the left side (P=0.032 for the

piriform cortex, P=0.025 for the dorsal striatum, and
P=0.014 for the nucleus accumbens).

Discussion

The ®ndings of present study con®rm those of previous
studies demonstrating an increase in locomotor activity and
rotation after systemic injection of methamphetamine (Jerussi

& Glick, 1974; Hirabayashi & Alam, 1981; Sato et al., 1992;
Iyo et al., 1995). The present ®ndings also show that the
methamphetamine-induced locomotor is greatly enhanced by
the bilateral destruction of hippocampal granule cells, while

their unilateral destruction resulted in a marked increase in
the rotation contralateral to the lesioned side without a
marked change in locomotor activity. These observations

suggest that bilateral granule cell destruction increases
locomotor activity, while unilateral granule cell destruction
induces contralateral rotation. Previously, it has been

reported that hippocampal lesions enhanced amphetamine-
induced locomotor activity and rotational activity (Glick et
al., 1980; Whishaw & Mittleman, 1991; Lipska et al., 1992;

Mittleman et al., 1993; Wilkinson et al., 1993; Schaub et al.,
1997). However, this is the ®rst report demonstrating that
destruction of the dentate gyrus enhances systemic metham-
petamine-induced locomotor activity and rotations.

Methamphetamine administration signi®cantly increased
the number of Fos-positive cells in the medial prefrontal
cortex, cingulate cortex, piriform cortex, dorsal striatum, and

nucleus accumbens compared to vehicle-treated animals. This
®nding is consistent with previous studies showing that
systemic methamphetamine elicits a robust emergence of Fos-

positive cells in several brain areas of the rat (Umino et al.,
1995). This is the ®rst study to report that the destruction of
dentate granule cells enhanced methamphetamine-induced

Fos protein expression in the medial prefrontal cortex,
cingulate cortex, piriform cortex, dorsal striatum, and nucleus
accumbens.

Although destruction of the hippocampal granule cells

in¯uenced methamphetamine-induced behavioural changes
and Fos expression, the relationship between the behavioural
changes and Fos expression remains unclear based on the

®ndings of the present study alone. The possibility cannot be
excluded that the enhanced expression of Fos protein is due
merely to the pharmacological e�ects of methamphetamine,

which are independent of behavioural changes. However,
with respect to the nucleus accumbens, dorsal striatum, and
piriform cortex in which unilateral lesioning induced

ipsilateral enhancement of Fos expression, previous ®ndings
may shed light on this issue. The nucleus accumbens is
known to actively participate in both locomotor and
rotational activities induced by amphetamine or dopamine

(Pijnenburg & Van Rossum, 1973; Kelly et al., 1975; Staton
& Solomon, 1984; Colle & Wise, 1991). The striatum may be
involved in rotational behaviour (Ungerstedt & Arbuthnott,

1970; Joyce et al., 1981), while its role in locomotor activity is
believed to be minimal (Kelly et al., 1975; Staton & Solomon,
1984). Although there is no available information regarding

Table 2A Post hoc analysis of the number of Fos immunoreactive cells among the three Lesion groups after methamphetamine
administration

Medial prefrontal cortex Cingulate cortex Piriform cortex Dorsal striatum Nucleus accumbens
Right Left Right Left Right Left Right Left Right Left

C5UL ** ** ** ** ** ns ** ns *** ns
C5BL * *** ** ** * *** *** *** *** ***
UL5BL ns ns ns ns ns ** ns *** ns *

ns: non-signi®cant di�erence; *P50.05; **P50.01; ***P50.001.

Table 2B Post hoc analysis of the number of Fos
immunoreactive cells among the three Lesion groups after
saline administration

Nucleus accumbens
Right Left

C5UL ns ns
C5BL ** **
UL5BL * *

ns: non-signi®cant di�erence; *P50.05; **P50.01.
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the locomotion associated with the dopaminergic function in
the piriform cortex, there is evidence suggesting that this
structure may participate in rotational behaviour (Ormond &

Hartesveldt, 1979). Taken together, the unilateral destruction
of dentate granule cells may induce ipsilateral hyperactivity in
the nucleus accumbens, dorsal striatum, and piriform cortex
following methamphetamine administration, characterized by

contralateral rotations associated with the ipsilateral en-
hancement of Fos expression. Following the bilateral
destruction of granule cells, the nucleus accumbens appears

to be in a hyperactive state as both locomotor and Fos
expression were enhanced. However, the bilateral activation
of the dorsal striatum and piriform cortex after bilateral

destruction of the granule cells may not play a critical role in
locomotor activity. However, the above assumptions remain
to be de®nitively proven.

Due to the sequential nature of the hippocampus, in which
information travels from the dentate gyrus to CA3 to CA1 to
the subiculum, granule cell destruction may disrupt or modify
the function of the e�erent system from the hippocampus,

which is mediated by the subiculum. The subiculum sends a
large glutamergic output to the nucleus accumbens (De-
France et al., 1980; Christie et al., 1987), and there is

evidence that glutamate can modulate dopamine release
presynaptically (Imperato et al., 1990; Shimizu et al., 1990).
The subiculum also sends e�erents to the dorsal striatum

(Groenewegen et al., 1987), and there appears to be a marked
overlap between regions innervated by the subiculum and
areas showing high immunoreactivity for cholecystokinin

(Zaborszky et al., 1985), which may regulate the release of
dopamine from presynaptic sides (Rehfeld, 1985). Although
there is no available information regarding the ®bre

connections between the hippocampus and piriform cortex,
it is well-known that electrical stimulation of the former
structure readily causes neuronal ®ring of the ipsilateral latter

region (Bertram et al., 1998). These subicular projections to
the nucleus accumbens, dorsal striatum, and piriform cortex
are mainly ipsilateral. Therefore, ipsilateral activation of Fos
expression in these three regions after unilateral lesioning

may be mediated by the interception of these projections.
Anatomical and physiological studies have shown bidirec-
tional and reciprocal connections between the hippocampus

and medial prefrontal cortex (Jay et al., 1989; White et al.,
1990; Jay & Witter, 1991). Similar connections between the
hippocampus and cingulate cortex have also been documen-

ted (White et al., 1990; Jay & Witter, 1991). These
connections are mainly ipsilateral. Nevertheless, the unilateral
lesioning resulted in a bilateral increase in Fos expression in

both the prefrontal cortex and cingulate cortex. Therefore,
the increased density of Fos expression in both of these
structures may be mediated by the polysynaptic pathways.
In conclusion, the present ®ndings suggest that dentate

granule cells regulate methamphetamine-associated beha-
vioural changes through altering the function of a number
of brain areas, particularly the nucleus accumbens. Addi-

tional studies must be conducted to further delineate the roles
of the various brain areas in mediating the response to
methamphetamine following the destruction of granule cells

in the hippocampus.

The authors are most grateful to acknowledge valuable discussions
with Dr Yoshio Minabe (Hamamatsu University School of
Medicine).
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