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Responsiveness to kainate in young rats after 2-week zinc deprivation
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Abstract

On the basis of the evidence of the enhanced susceptibility to kainate-induced seizures in young rats fed a
zinc-deficient diet for 4 weeks, the relationship between zinc release from hippocampal neuron terminals and
seizure susceptibility was studied in young rats fed the zinc-deficient diet for 2 weeks. Timm’s stain, with
which histochemically reactive zinc in the presynaptic vesicle is detected, was not attenuated in mossy fibers
and other areas in the hippocampus after 2-week zinc deprivation, whereas the attenuation was observed
after 4-week zinc deprivation. Extracellular zinc concentration was not also decreased after 2-week zinc
deprivation, unlike the case after 4-week zinc deprivation. To check the capacity for zinc release from
neuron terminals after 2-week zinc deprivation, the hippocampus was excessively stimulated with 100 mM
KCI. The increase in extracellular zinc concentration of zinc-deficient group was significantly more than that
of control group. These results suggest that zinc release from hippocampal neuron terminals is not affected
by 2-week zinc deprivation. On the other hand, the latency in myoclonic jerks of zinc-deficient group was
significantly shorter than in the control group after treatment with kainate, while the latency in clonic
convulsions was not different between the two groups. Intracellular fura-2 signal, a calcium indicator, was
significantly higher in the hippocampal CA3 areas of zinc-deficient group 4 s after delivery of kainate to
dentate granule cells. These results suggest that susceptibility to kainate-induced seizures is altered prior to
the decrease in extracellular zinc concentration and zinc release from neuron terminals in zinc-deficient
young rats. The alteration of calcium signaling seems to be involved in the susceptibility in zinc deficiency.

Introduction

Cortical regions of the brain are stained by Timm’s
sulfide-silver method, which is used to detect his-
tochemically reactive zinc in the presynaptic vesi-
cles (Danscher 1981). The zinc is sequestered in
zinc-containing glutamatergic neuron terminals
and released in a calcium- and impulse-dependent
manner (Frederickson 1989). Zinc serves as a
neuromodulator in glutamatergic and GABAergic
neurotransmitter systems: zinc decreases extracel-
lular glutamate concentration in the hippocampus,
while it increases extracellular GABA concen-
tration there (Takeda et al. 2003a, 2004). Zinc
released into synaptic cleft may be important to

modulate the balance of inhibition-excitation in
the synapse (Buhl ef al. 1996; Cohen-Kfir et al.
2005). In the hippocampus, histochemically reac-
tive zinc exists in both the terminals of mossy fi-
bers, which originate from dentate granular cells,
and Schaffer collaterals, which originate from CA3
pyramidal cells (Frederickson & Danscher 1990).
Mossy fibers form unusually large excitatory syn-
apses with the proximal dendrites of CA3 pyra-
midal cells (Chicurel & Harris 1992). Mossy fibers
also form morphologically distinct synaptic
contacts with a population of inhibitory inter-
neurons in the CA3 region (Acsady et al. 1998).
All of mossy fiber terminals contain zinc in the
presynaptic vesicles (Sindreu et al. 2003), while
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approximately 45% of Schaffer collateral termi-
nals, which project to the CA1l, also contain it.

Temporal lobe epilepsy is the most common
type of epilepsy in adults. The hippocampus is
thought to be an epileptic focus in temporal lobe
epilepsy (Ojemann 1987). Many researches pointed
out that zinc homeostasis in the brain is linked
with the etiology and manifestation of epileptic
seizures (Sterman et al. 1988; Buhl et al. 1996;
Takeda 2001). Kainate is an agonist of glutamate
receptor subtypes and the kainate-treated mice
and rats are an experimental model of temporal
lobe epilepsy (Ben-Ari 1985). They have been used
to understand the relationship between zinc
movement in the brain and epileptic seizures. Zinc
concentration in the hippocampus is decreased in
kainate-treated rats (Assaf & Chung 1984) and
kainate-induced seizures are linked with the de-
crease in zinc concentrations in the brain including
the hippocampus (Takeda et al. 2003b).

On the other hand, 4-week zinc deprivation,
which attenuates Timm’s stain in the brain of
young (8-week-old) rats and mice, enhances sus-
ceptibility to kainate-induced seizures (Takeda
et al. 2003c, d). An in vivo microdialysis experi-
ment demonstrates that the increase in glutamate
release associated with the lack of increased
GABA release in the hippocampus is a possible
mechanism for the enhanced susceptibility to kai-
nate-induced seizures in zinc deficiency (Takeda
et al. 2003d). However, it is unknown whether the
decrease in zinc release from neuron terminals in
the hippocampus is linked with the enhanced sei-
zure susceptibility in zinc deficiency. Zinc trans-
porter 3 knockout mice are more sensitive than
control mice to kainate-induced seizures, suggest-
ing that the net effect of hippocampal zinc on acute
seizures in vivo is inhibitory (Cole et al. 2000).

Biological half-lives of zinc in the hippocampus
of young rats are around 4 weeks (Takeda et al.
1995). Zinc turnover in the brain may be strictly
restricted in zinc deficiency. Thus, zinc concentra-
tion in the hippocampus is not appreciably de-
creased after 4-week zinc deprivation (Takeda
et al. 2003c). However, Timm’s stain in the hip-
pocampus is decreased after treatment with kainate
(Takeda et al. 2003b), implying excessive release of
zinc and glutamate from glutamatergic neurons. In
hippocampal slices prepared from mice after 4-
week zinc deprivation, the enhanced excitability of
mossy fibers was evidenced by stimulation with

100 mM KCI and was linked with alteration of
intracellular calcium signaling (Takeda et al. 2005).

In the present study, the relationship between
zinc release from hippocampal neuron terminals
and seizure susceptibility was studied in young rats
fed the zinc-deficient diet for 2 weeks, in which
zinc concentration in the presynaptic vesicle may
be affected minimally. Furthermore, the involve-
ment of intracellular calcium signaling in seizure
susceptibility was studied in hippocampal slices
from the zinc-deficient rats.

Materials and methods
Chemicals

Control (44 mg Zn/kg) and zinc-deficient (2.7 mg
Zn/kg) diets were purchased from Oriental Yeast
Co. Ltd. (Yokohama, Japan). Artificial cerebro-
spinal fluid (ACSF) used as a perfusate was com-
posed of 124 mM NaCl, 2.5 mM KCI, 2.0 mM
CaCl,, 1.0 mM MgCl,, 1.25 mM NaH,POy,,
26 mM NaHCO; and 10 mM b-glucose (pH 7.3).

Experimental animals

Male Wistar rats (4 weeks old) were purchased
from Japan SLC (Hamamatsu, Japan) and then
fed a control and zinc-deficient diet for 2 or
4 weeks. They were housed under the standard
laboratory conditions (23+1 °C, 554 5% humid-
ity) and had access to tap water and diet ad
libitum. The lights were automatically turned on at
8:00 and off at 20:00. All experiments were per-
formed in accordance with the Japanese Pharma-
cological Society guide for the care and use of
laboratory animals.

Timm’s sulfide—silver staining

Rats were deeply anesthetized with chloral hy-
drate, and then perfused transcardially with 0.1%
Na,S in phosphate buffer (pH 7.4). The brains
were excised and immersed in 4% (w/v) parafor-
maldehyde in 0.1 M sodium phosphate buffer
(pH 7.4) for 24 h and then in 10-30% sucrose for
72 h. Coronal 30 um sections were prepared in a
cryostat at =20 °C. Timm’s staining was per-
formed according to the procedure described pre-
viously (Danscher 1981).



In vivo microdialysis

Thirteen days after the start of feeding the control
or zinc-deficient diet, a guide tube was surgically
implanted into the hippocampal CA3 subregion
(stereotaxic coordinates: AP=-5.6 mm,
ML=-4.6 mm, DV=+5.0 mm) of chloral hy-
drate-anesthetized rats. Forty-eight hours after
implantation of the guide tube, the hippocampus
was perfused with ACSF by using a microdialysis
probe (3-mm membrane CMAI12 probe, CMA
Microdialysis, Solna, Sweden) at a flow rate of
5.0 pl/min for 120 min under anesthesia and then
100 mM KCI for 40 min. The perfusate samples
were collected for intervals of every 20 min.

Zinc concentration in the extracellular fluid

The perfusate samples (50 ul) were diluted with
2% nitric acid (100 ul). Analysis of the samples in
triplicate was conducted using a flameless atomic
absorption spectrophotometer (Shimadzu
AAG6800F, Kyoto, Japan). The accuracy was
checked by analysis of the samples in the presence
of a standard solution of zinc.

Histological analysis

Rats were deeply anesthetized with chloral hydrate
and perfused intracardially with saline, followed by
perfusion with 4% (w/v) paraformaldehyde in
0.1 M sodium phosphate buffer (pH 7.4). The
brains were removed quickly, further fixed with the
same fixation solution at 4 °C overnight and pro-
cessed for cryo-sectioning by incubation in a series
of 10, 20 and 30% sucrose at 4 °C for 3 days.
Afterwards, brains were frozen in ethanol (—80 °C)
and kept at —80 °C. Ten micrometer coronal sec-
tions were cut on a cryostat and immediately col-
lected on glass slides. For assessment of neuronal
damage in the hippocampus, sections were stained
with 0.15% (w/v) cresyl violet.

Hippocampal slice preparation

The brains were quickly removed from anesthe-
tized rats and immersed in ice-cold choline-Ring-
er’s solution (pH. 7.3) (127 mM choline, 2.5 mM
KCl, 0.5 mM CaCl,, 2.5 mM MgCl,, 1.25 mM
NaH,PO,4, 26 mM NaHCO; and 10 mM b-glu-
cose) continuously bubbled with 95% O, and 5%
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CO,. The brain was mounted on a super microsl-
icer ZERO-1 (Dosaka, Kyoto, Japan) in a cham-
ber filled with ice-cold choline-Ringer’s solution
continuously bubbled with 95% O, and 5% CO,.
Horizontal slices were cut at 400-um thickness and
put in ACSF at 25 °C for 30 min.

Intracellular calcium imaging

Slices were put in ACSF (2 ml) containing 10 uM
fura-2 AM, a membrane-permeable calcium indi-
cator, in the dark for 45 min at 25 °C. To remove
unincorporated fura-2 AM from the extracellular
fluid, the slices were put in ACSF (100 ml) in the
dark at 25 °C, transferred to a chamber for
observation filled with ACSF (2 ml) and mounted
on the stage of an inverted microscope (Diaphot
TMD 300, Nikon, Tokyo, Japan). Fluorescent
intensity was measured in the stratum lucidum, in
which mossy fiber terminals from dentate granule
cells exist, and the CA3 pyramidal cell layer with
an Argus-50/CA system (Hamamatsu Photonics,
Hamamatsu, Japan; excitation, 340 nm; dichroic
beam splitter, 505 nm) at 25 °C. The dentate
granular cell layer was stimulated with 1 ul of
1 mM kainate. The stimulant was loaded via a
microdialysis probe without membrane at a flow
rate of 1 ul/s by using a microinjection pump
(CMA/100, CMA Microdialysis), at a given time
after the start of measuring fluorescent intensity.

ACSF is continuously bubbled with 95% O,
and 5% CO; in each step till the start of measuring
fluorescent intensity.

Statistical analysis

Student’s #-test was used for comparison of the
means of unpaired data. For multiple comparison
ANOVA followed by Fisher’s Protected Least
Significant Difference (PLSD) was performed.

Results
Synaptic zinc levels in zinc deficiency

The mean body weight of 6-week-old rats, which
were fed the zinc-deficient diet for 2 weeks, was
85.2+2.0 g and that of the control rats was
1324+34 ¢ (102+1.3 g and 201+2.8 g in the
case after 4-week zinc deprivation). Timm’s
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staining was performed to estimate zinc concen-
tration in the presynaptic vesicle. The stain was not
appreciably attenuated in mossy fibers and other
areas in the hippocampus after 2-week zinc depri-
vation (Figure 1). On the other hand, the stain of
the hippocampus, especially mossy fibers, was
attenuated after 4-week zinc deprivation.

The hippocampus of the control and zinc-defi-
cient rats was perfused with ACSF and then
stimulated with high K* in ACSF to check zinc
release from neuron terminals by depolarization.
The basal zinc concentration in the perfusate was
not decreased after 2-week zinc deprivation, unlike
the case of 4-week zinc deprivation (Figure 2A and
B). Extracellular zinc concentration during stimu-
lation with high K™ was approximately 15 times
higher than the basal concentration after 2-week
zinc deprivation (Figure 2A). This increase of zinc-
deficient group was significantly more than in the
control group.

Susceptibility to kainate-induced seizures
Kainate (5 mg/kg body weight) was injected into

the control and zinc-deficient rats. The latency
in wet dog shakes and myoclonic jerks of zinc-

CA1

Control (6-week-old)

I R

Zinc deficiency for 2 weeks

T,

deficient rats was significantly shorter than in the
control rats, while the latency in clonic convulsions
was not different between the two groups (Fig-
ure 3). Maximum seizure score was not signifi-
cantly different between them.

Hippocampal cell death was analyzed by cresyl
violet staining 3 days after treatment with kainate.
There was no appreciable difference in cresyl violet
stain between kainate-treated control and zinc-
deficient rats (Figure 4). TUNEL labeling with
counterstaining with 4’,6-diamidino-2-phenylin-
dole, dihydrochloride (DAPI) was also performed
in the hippocampus. TUNEL-positive cells were
minimally observed in both kainate-treated con-
trol and zinc-deficient rats (data not shown).

Intracellular calcium imaging

To evaluate the excitability of dentate granule cells
and CA3 neurons in zinc deficiency, intracellular
calcium signal was monitored in the hippocampal
CA3 by using membrane-permeable fura-2 AM
after delivery of kainate (1 mM, 1 ul) to the den-
tate granule cell layer (Figure 5). Fura-2 signal was
immediately increased in the CA3 areas of both
groups after stimulation with kainate. The increase

. T 1

N
\

Control (8-week-old)

]
E,

Zinc deficiency for 4 weeks

Figure 1. Timm’s stain in the hippocampus in zinc deficiency. Coronal slices for Timm’s staining were prepared from rats fed a control
or zinc-deficient diet for 2 or 4 weeks (n=4). Note that the stain was not appreciably attenuated in the hippocampus after 2-week zinc

deprivation, unlike the case of 4-week zinc deprivation.
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Figure 2. Zinc concentrations in the hippocampal extracellular fluid. The hippocampus of rats fed a zinc-deficient diet for 2 or 4 weeks
was perfused with ACSF for 120 min and 100 mM KCI in ACSF for 40 min. The perfusate samples were collected for intervals of
every 20 min. (A) The data represent zinc concentration in the perfusate after 2-week zinc deprivation. The basal level represents the
mean of three samples before stimulation with 100 mM KCI. The high K represents the mean of two samples during stimulation with
100 mM KCI. Note that zinc concentration in the hippocampal extracellular fluid was almost the same between the control and zinc-
deficient rats. (B) The data represent the ratio (%) of the basal concentration in the perfusate after 2 or 4-week zinc deprivation to the
basal concentration in the perfusate of each control. 2 W, 2-week zinc deprivation; 4 W, 4-week zinc deprivation. Note that zinc
concentration in the hippocampal extracellular fluid was decreased after 4-week zinc deprivation, unlike 2-week zinc deprivation. Each
bar and line represent the mean+s.e.m. (n=6). *, P <0.05, vs. the control; #, P <0.05, ##, P<0.01, vs. the basal level.
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Figure 3. Susceptibility to kainate-induced seizures. Rats were fed a control or zinc-deficient diet for 2 weeks and then intraperito-
neally injected with 5 mg/kg kainate. The latency represents the period of the first development of wet dog shakes, myoclonic jerks and
clonic convulsions. The incidence represents the rate of seized mice to the total mice. Seizure severity represents the maximum seizure
score, which was observed for 3 h after treatment with kainate. Seizure scores (the score 2, wet dog shakes; 3, myoclonic jerks; 4, clonic
convulsions; 6, loss of posture, 8, status epilepticus) were taken according to the procedure reported previously (Racine 1972; Sperk
et al., 1985) [19,23]. Each bar and line represent the mean + s.e.m (n=6-7). *, P<0.05; *** P <0.001, vs. the control.

in Fura-2 signal was more sustained in zinc-defi- 1995; Hambidge 2000; Penland 2000). The evi-
cient group and the signal was significantly higher dence from experimental animals indicates that
in the CA3 areas of zinc-deficient group than in the zinc deprivation during periods of rapid develop-
control group 4 s after treatment with kainate. ment impairs behavior and brain function in

addition to brain development (Halas et al. 1983,
1986; Golub et al. 1995). However, the mechanism

Discussion of brain dysfunctions in zinc deficiency is poorly

understood (Sandstead ef al. 2000). Zinc defi-
Zinc deficiency in children is a nutritional and ciency affects zinc homeostasis in the brain
health problem in both developing and developed (Takeda 2001). The alteration of zinc homeostasis

countries (Prasad 1983; Gibson 1998; Sandstead in the brain is associated with the etiology and
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Figure 4. Hippocampal staining with cresyl violet after treatment with kainate. Rats were fed a control or zinc-deficient diet for
2 weeks and then intraperitoneally injected with 5 mg/kg kainate. The brains were quickly removed from the control and zinc-deficient
rats 3 days after treatment with kainate, followed by preparation of coronal sections. The sections from each group of six rats were
stained with cresyl violet to observe surviving cells in the hippocampus.
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Figure 5. Imaging of intracellular calcium with fura-2 in the hippocampal CA3. Fura-2 AM was applied to hippocampal slices of rats,
which were fed a control or zinc-deficient diet for 2 weeks (n=35). The dentate granule cell layer was stimulated with 1 ul kainate
(1 mM) for 1 s, as indicated by the arrow (stim.) in the illustration. The change of fura-2 signal was monitored in the stratum radiatum,
CA3 pyramidal cell layer, stratum lucidum and stratum oriens. The data represent the ratio (%) of fluorescent intensity of each time to

a basal fluorescent intensity before the stimulation indicated by the arrow. Each point and line represent the mean £s.e.m. of 11 slices.
* P<0.05; ** P<0.01, vs. the control.



manifestation of epileptic seizures (Sterman et al.
1988; Fukahori & Itoh 1990). Susceptibility to
epileptic seizures is decreased by dietary zinc
loading, while this susceptibility in cats is increased
by zinc deprivation (Sterman et al. 1986). The
alteration of susceptibility to epileptic seizures in
zinc deficiency is an important issue, because
approximately 50% of the world population does
not get adequate zinc (Brown et al. 2001).

To evaluate the involvement of vesicular zinc
in epileptic seizures, in the present study, zinc
concentration in the presynaptic vesicles and zinc
release from neuron terminals were checked in
the hippocampus in zinc deficiency. Timm’s stain
was not attenuated in mossy fibers and other
areas in the hippocampus after 2-week zinc
deprivation, whereas the attenuation was ob-
served after 4-week zinc deprivation. Extracellular
zinc concentration was not decreased after 2-week
zinc deprivation, unlike the case after 4-week zinc
deprivation. Because zinc concentration in the
hippocampal extracellular fluid seems to be the
most responsive to dietary zinc deficiency (Take-
da et al. 2001), zinc homeostasis in the brain may
be minimally affected in young rats by 2-week
zinc deprivation. To check the capacity for zinc
release from neuron terminals after 2-week zinc
deprivation, the hippocampus was excessively
stimulated with 100 mM KCI. The increase in
extracellular zinc concentration of zinc-deficient
group was significantly more than that of control
group. These results suggest that zinc release
from hippocampal neuron terminals is not af-
fected by 2-week zinc deprivation. Judging from
the excessive zinc release after 2-week zinc
deprivation, it is possible that glutamate release
from neuron terminals during stimulation with
high K™ is also more enhanced in the zinc-defi-
cient young rats than in the control rats, as well
as the case of young rats after 4-week zinc
deprivation (Takeda ef al. 2003c). This idea led
an experiment examining whether glutamate ex-
citotoxicity is altered in the hippocampus after 2-
week zinc deprivation.

Susceptibility to kainate-induced seizures was
examined in young rats fed the zinc-deficient diet
for 2 weeks. The latency in myoclonic jerks of
zinc-deficient rats was significantly shorter than in
the control rats. However, the latency in clonic
convulsions was not different between the two
groups and maximum seizure score was not more
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increased by 2-week zinc deprivation. The current
dose (5 mg/kg) of kainate minimally caused hip-
pocampal cell death in both groups. The early
stage of epileptic seizures might be facilitated in
young rats by 2-week zinc deprivation. In young
rats fed the zinc-deficient diet for 4 weeks, the la-
tency in clonic convulsions of zinc-deficient group
is significantly shorter than in the control group
after treatment with kainate (5 mg/kg) and maxi-
mum seizure score of zinc-deficient group is sig-
nificantly higher than that of control group
(unpublished data). It is possible that kainate-in-
duced seizures in young rats are aggravated in
association with the decrease in vesicular zinc after
4-week zinc deprivation.

Geng et al. (2002) indicate that calcium con-
centration in rat hippocampal cells, which is
determined by fura-2, is increased by zinc defi-
ciency. Intracellular calcium signaling is linked
with neuronal excitability and the cross talk be-
tween zinc and calcium signals is performed via
proteins such as calcium channels (Minami et al.
2006). To evaluate the excitability of dentate
granule cells and CA3 neurons in zinc deficiency,
hippocampal slices were prepared from young rats
fed the zinc-deficient diet for 2 weeks. When fura-2
signal was monitored in the CA3 areas after
application of 1 ul kainate (1 mM) to the dentate
granule cell layer, the increase in fura-2 signal was
more sustained in zinc-deficient group and the
signal was significantly higher in the CA3 areas of
zinc-deficient group than in the control group 4 s
after treatment with kainate. The excitability of
hippocampal neurons might be enhanced in asso-
ciation with alteration of intracellular calcium
signaling in zinc deficiency (Takeda et al. 2005). It
is likely that intracellular calcium signaling in the
hippocampus in zinc deficiency is altered before
the decrease in extracellular zinc concentration in
the brain, which is linked with zinc homeostasis
in the brain. This alteration seems to be involved
in susceptibility to kainate-induced seizures in
zinc-deficient young rats.

In conclusion, susceptibility to kainate-induced
seizures may be altered prior to the decrease in
extracellular zinc concentration and zinc release
from neuron terminals in the brain of zinc-defi-
cient young rats. Further investigation on intra-
cellular calcium signaling in zinc deficiency is
necessary to understand the alteration of neuronal
excitability in the hippocampus.
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