Low zinc status impairs calcium
uptake by hippocampal synaptosomes
stimulated by potassium but not

by N-methyl-D-aspartate
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Zine deficiency results in neuropathology affecting both the peripheral and central nervous systems. A previous
study showed that decreased calcium uptake by cortical synaptosomes was associated with the peripheral
neuropathy in guinea pigs. Deficiency impaired the calcium uptake stimulated by high potassium and by
additional glutamate. In this study, the effect of zinc status on potassium-stimulated and agonist (glutamate and
N-methyl-D-aspartate [NMDA] }-stimulated calcium uptake by both cortical and hippocampal synaptosomes was
examined. Groups of guinea pigs were allowed to consume a low zinc (<1 mglkg) diet ad libitum { — ZN) and
an adequate zinc (100 mglkg) diet either ad libitum { + AL} or restricted { + RF ). Synaptosomes were prepared
from cortex and hippocampus and calcium uptake measured using **Ca. Potassium-stimulated calcium uptake
by cortical and hippocampal synaptosomes was significantly lower in synaptosomes from zinc deficient guinea
pigs than in controls, 15% and 20%, respectively. Glutamate-stimulated calcium uptake by cortical synapto-
somes from deficient animals was 32% less than that of controls; there was a similar trend in hippocampal
synaptosomes. Zinc deficiency had no effect on the NMDA-stimulated uptake by synaptosomes from either
source. Impairment of voltage-gated calcium channels appears to account for the decreased calcium uptake and
may explain the neuropathology observed in zinc deficiency. (J. Nutr. Biochem. 6:588-594, 1995.)
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Introduction

Zinc plays key roles in both the central and peripheral ner-
vous systems.' In the chicken® and the guinea pig,>* zinc
deficiency results in abnormal posture and locomotion, clin-
ical signs that are associated with decreased sciatic motor
nerve conduction velocity, and decreased muscle action po-
tential in both species.>® The clinical signs and depressed
conduction velocity are similar to those of peripheral neu-
ropathy and are readily reversed by zinc therapy. Zinc de-
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ficiency in rats results in impaired cognitive and learning
ability.’

The role of calcium as a second messenger in the pe-
ripheral and central nervous systems (CNS) is well recog-
nized. Depolarization of neuronal membranes by an action
potential results in activation of presynaptic voltage-gated
calcium channels (VGCC),® and the resulting transient in-
crease in cytosolic calcium is coupled to neurotransmitter
release at neuromuscular junctions® and at CNS synapses.’
This presynaptic function of cytosolic calcium is sensitive
to in vitro zinc concentration. Zinc blocks VGCC of dorsal
root ganglion cells'® and the VGCC at the mouse neuro-
muscular junction, resulting in decreased release of trans-
mitte}'; ! and decreased magnitude of mini-end-plate poten-
tials.

Glutamate is the primary excitatory neurotransmitter in
the CNS.!* One type of postsynaptic glutamate receptor,
the N-methyl-D-aspartate (NMDA) receptor, is associated
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with a calcium channel. Application of exogenous gluta-
mate stimulates an increase in the cytosolic calcium con-
centration of neurons,'*'® synaptosomes,'® and micro-
sacs.!” In addition to the agonist receptor that binds gluta-
mate and the more specific agonist, NMDA, the NMDA
receptor/channel complex has modulatory binding sites for
glycine, polyamines, dissociative anesthetics such as phen-
cyclidine (PCP) and dizocilpine (MK-801), magnesium, and
zinc.'® Glycine potentiates the activating effect of glutamate'®
while zinc, added in vitro, blocks calcium uptake via the
NMDA channel, '® possibly by inhibiting glycine binding.*°

Uptake of calcium via the NMDA channel is required for
long-term potentiation, a phenomenon that serves as a
model for memory.?' Long-term potentiation has been ob-
setved most commonly in the hippocampus. The mossy
fiber neurons of the intrahippocampal pathway are particu-
larly rich in zinc,?? and stimulation of hippocampal slices
with electrical impulses®® with elevated potassium or with
excitatory amino acids®* results in release of zinc from the
tissue. Zinc coreleased with the neurotransmitter into the
synapse may exert a regulatory effect on neurotransmis-
sion.?* In this regard, it is noteworthy that dietary zinc
deficiency has been shown to impair neurotransmission in
the hippocampus.®

Previous results from this laboratory have shown that
dietary zinc deficiency impairs calcium uptake by plate-
lets®® and by synaptosomes from guinea pig brain cortex.
In the latter case, calcium uptake induced by both potassium
depolarization and by exogenous glutamate was decreased
by zinc deficiency. Impaired calcium uptake may be the
basis of both peripheral and CNS pathology in the guinea
pig; a decrease in calcium uptake via VGCC at the neuro-
muscular junction could explain the observed peripheral
neuropathy,>* while a decrease in glutamate-stimulated up-
take could cause the impairment of memory and cognition
resulting from zinc deprivation.?’

Because hippocampal function is important in long-term
potentiation and memory and this function is initiated by
way of the NMDA receptor/channel, it was deemed impor-
tant to extend our prior observations?’ to the hippocampus.
Thus, the purpose of this study was to determine the effect
of zinc status on calcium uptake by cortical and hippocam-
pal synaptosomes stimulated by high potassium, glutamate,
and NMDA. The more specific agonist, NMDA, was used
because the endogenous agonist, glutamate, binds to several
other postsynaptic receptors in addition to the NMDA re-
ceptor.'® The results confirmed the earlier observations
made with cortical synaptosomes showing that zinc defi-
ciency impaired the calcium uptake stimulated by potassium
depolarization and by glutamate. Zinc deficiency had a sim-
ilar effect on glutamate-stimulated calcium uptake by hip-
pocampal synaptosomes, but the decrease was not statisti-
cally significant. The NMDA-stimulated uptake by neither
cortical nor hippocampal synaptosomes was affected by di-
etary treatment.

Methods and materials
Animals and diets

Weanling guinea pigs (Hartley strain) of both sexes, weighing
approximately 250 g, were obtained from the departmental colony

and maintained as described previously.?” The composition of the
low zinc (0.9 + 0.08 mg of zinc/kg) experimental diet has been
described?; the control diet was the basal diet supplemented with
ZnCO, to supply 100 mg of zinc/kg. Food was supplied fresh daily
in moist form, and deionized water was supplied ad libitum from
bottles or automatic waterers. Three guinea pigs of the same sex
were assigned to each experimental group. One animal of each
group was fed the low zinc diet ad libitum (—ZN), one the control
diet ad libitumn (+ AL), and one the control diet restricted so as to
maintain its body weight similar to that of the guinea pig on the
—ZN regimen. Groups were fed the respective diets until the
guinea pig fed the low zinc diet developed neurological signs
(Score 3),” at about 5 weeks. The experimental protocol was ap-
proved by the University of Missouri, Columbia, Animal Care and
Use Committee.

Tissue collection and synaptosome preparation

The procedures for collection and processing of tissues were the
same as used previously.?” The guinea pigs were euthanized by
decapitation, trunk blood was collected, and serum was frozen for
zinc analysis. Brain cortex and hippocampus were dissected on ice
and used immediately for synaptosome preparation and calcium
uptake assays.

Crude synaptosomes were prepared from cortex and hippocam-
pus by sucrose gradient centrifugation as described.?” Synapto-
some pellets were suspended at a protein concentration of 5 mg/
mL in cold basal assay solution (NaCl, 136; KCl, §; CaCl,, 0.085;
EGTA, 0.025; glycine, 0.01; glucose, 10; Tris-HEPES, 20 mmol/
L, pH 7.65). This solution is similar to the one used previously,”’
except that the calcium and EGTA concentrations were adjusted to
increase the specific activity of calcium while maintaining the
same calculated free calcium concentration {60 pmol/L). Synap-
tosomal membrane protein was determined by the method of
Lowry,?® using bovine serum albumin as the standard.

Synaptosome suspensions were kept on ice until they were used
for *Ca uptake experiments. Before starting the uptake experi-
ments, the synaptosome suspensions and other solutions were tem-
perature equilibrated for 10 min in a water bath at 37°C.

#Ca uptake assay procedure

Cortical and hippocampal synaptosome preparations from each of
the three guinea pigs in an experimental group were assayed on the
same day. To duplicate tubes were added 0.15 ml. of synaptosome
suspension and 0.20 mL of one of the “°Ca assay solutions de-
scribed below. Each assay solution contained CaCl, 0.085, EGTA
0.025, glycine 0.01, glucose 10; Tris-HEPES 20 mmol/L., pH
7.65, a total of 141 mmol/L NaCl plus KCl, and **Ca to supply
7.4kBq (0.2 pCi) per tube. The solutions were supplemented with
potassium (final concentration 5 or 45 mmol/L), glutamate, and
NMDA as described for Experiments 1 and 2 below. Uptake was
initiated by adding the appropriate **Ca solution to the synapto-
some suspension. The contents were rapidly mixed and incubated
at 30°C for 30 sec. Uptake was terminated by addition of 1.0 mL
of ice-cold EGTA solution (NaCl, 136; KCl, 5; EGTA, 3; glucose,
10; Tris-HEPES 20 mmol/L; pH 7.0) and immediate chilling in an
ice-water bath. Membranes were collected on glass fiber filters
(Whatman GF/B), and *>Ca radioactivity was determined as de-
scribed earlier.?” Results are presented as picomoles of calcium
(calculated from specific activity of calcium added) divided by
milligrams of synaptosomal protein.

Experiment 1

The effect of a depolarizing level of potassium, and of exogenous
glutamate, on calcium uptake by cortical and hippocampal synap-
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Table1 Zinc status of guinea pigs as indicated by weight gain and
serum zinc concentration”

Weight gain Serum zinc
Dietary treatment (g/d) {mmol/L)
—~ZNT ~0.3x04° 2.4 +0.2°
+RF 1.0+ 0.3° 92+ 04°
+AL 44+ Q5° 106 = 0.6°

*Mean = SEM, n = 17 for each dietary treatment. Values within
columnns with different letter superscripts 22 are significantly dif-
ferent, P < 0.001.

1Treatment abbreviations: —ZN refers to ad libitum consumption of
the low zinc diet; + AL and +RF refer to ad libitum and restricted
consumption, respectively, of the adequate zinc diet.

tosomes was determined. Calcium uptake for each synaptosome
sample was measured using a 2 X 2 factorial design, with two
concentrations of potassium (5 and 45 mmol/L) and two concen-
trations of glutamate (0 and 500 wmol/L). The experimental **Ca
solutions were prepared by addition of glutamate to the basal so-
lution and by substitution of KCl for NaCl; the total concentration
of NaCl and KCl was held constant at 141 mmol/L. Duplicate
tubes were assayed for each solution in the factorial design, for a
total of 8 tubes per tissue (16 tubes per guinea pig).

Experiment 2

This experiment was similar to Experiment 1 above, except that
the more specific NMDA receptor/channel agonist, NMDA, was
used in lieu of glutamate.

Statistical methods

Calcium uptake data for the two experiments were analyzed sep-
arately as split-plot designs, using the General Linear Models
(GLM) procedure (Statistical Analysis System, SAS Institute,
Cary, NC). The factorial arrangement of potassium and glutamate
(Experiment 1) or NMDA (Experiment 2) defined four subplots,
with dietary treatment (DIET) as the whole plot for both experi-
ments (REP = § for Experiment 1, REP = 9 for Experiment 2).
Main plot effects for both experiments were tested using REP X
DIET as the error term; the subplot effects were tested against the

residual error. Combined potassium-stimulated uptake data and
zinc status data for guinea pigs used in both experiments (n = 17)
were analyzed by one-way ANOVA (GLM). Statistical differ-
ences between treatments were assessed using the least squares
means component of the GLM procedure, with significance set at
P < 0.050.

Results

Indices of the zinc status of the guinea pigs used in both
experiments are shown in Table 1. Weight gain and serum
zinc concentrations of animals fed the low zinc diet (—ZN)
were significantly less than those of the two control groups.

Experiment 1

The calcium uptake data for this experiment are presented in Table
2. Both potassium depolarization and glutamate stimulation in-
creased calcium uptake, and there was a significant overall effect
of zinc status on calcium uptake in both hippocampus and cortex
(P < 0.05), Statistically there was a highly significant interaction
between dietary treatment and potassium concentration in both
tissues, i.e., low zinc status impaired calcium uptake in response
to potassium depolarization. Furthermore, there was a potassium-
glutamate interaction in the case of cortical but not hippocampal
synaptosomes, i.e., depolarization increased the response to glu-
tamate by cortical but not by hippocampal synaptosomes.

Figure 1 shows the net calcium uptake that resulted from de-
polarization, i.e., the difference in calcium uptake by synapto-
somes suspended in 45 and those in 5 mmol/L of potassium,
without addition of glutamate or NMDA. The response of both
cortical and hippocampal synaptosomes was affected significantly
by dietary treatment; compared with ad libitum controls, those of
low zinc status had lower calcium uptake, approximately 15% for
cortical and 20% for hippocampal synaptosomes.

Figure 2 shows the net calcium uptake due to glutamate stim-
ulation of cortical synaptosomes. Low zinc status decreased the
glutamate-stimulated calcium uptake by cortical synaptosomes
only when they were depolarized, i.e., diet had an effect at 45 but
not at 5 mmol/L. of potassium. This agrees with our earlier re-
sults.?” Zinc status did not have a significant effect on the gluta-
mate-stimulated calcium uptake by hippocampal synaptosomes at
either potassium level, but there was a trend at 45 mmol/L of

Table 2 Effect of glutamate and potassium on calcium uptake by cortical and hippocampal synaptosomes from guinea pigs of low and

adequate zinc status®

0 pmoliL of glutamate

500 pmol/l. of glutamate ~

Dietary treatmentt 5 mmol/L of K 45 mmol/L of K 5 mmol/L of K 45 mmol/l of K
Cortex (pmol of Ca/mg of protein)
—ZN 607 = 17 1965 = 592 663 = 20 2113 = 592
+RF 650 = 21 2132 = 63° 725 + 20 2349 + 74°
+AL 683 = 41 2242 + 137° 772 + 47 2438 + 13g°
Hippocampus
—ZN 751 £ 19 2049 x 592 801 + 198 2152 = 622
+RF 752 = 17 2238 = 74° 826 + 23° 2375 = 72°
+AL 813+ 32 2482 = 125° Q47 + 47° 2611 = 131°

*Values are mean = SEM, n = 8 for each dietary treatment. Values within columns and within tissues with different letter superscripts 22 are
significantly different, P < 0.05. Split Plot ANOVA, statistically significant contrasts: Cortex {pooled SEM = 41): potassium (K), P < 0.001;
glutamate (G}, P < 0.001; diet (D) x K, P = 0.002; K x G, P = 0.018. Hippocampus (pooled SEM = 42} K, P < .001; G, P < 0.001, D x

K, P < 0.001.

1Treatment abbreviations: ~ZN refers to ad libitum consumption of the low zinc diet; +AL and +RF refer to ad libitum and restricted

consumption, respectively, of the adequate zinc diet.
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Figure 1 Calcium uptake of cortical and hippocampal synapto-
somes from guinea pigs of low and adequate zinc status when
stimulated by potassium depolarization. The values, in picomoles
per milligram of protein, are means = group SEM (bar extensions)
of the differences between uptake at 5 and 45 mmol/L of potassium.
The bars represent the means of 17 animals (Experiments 1 and 2
combined), pooled SEM = 41 and 46 for cortex and hippocampus,
respectively. Within tissues, statistical significance (P < 0.05) is
indicated by different letters.

potassium similar to that observed in cortical synaptosomes (Fig-
ure 3). In hippocampal synaptosomes, glutamate stimulated cal-
cium uptake of ad libiturn control synaptosomes in the presence of
5 mmol/L of potassium to the same extent as it did in 45 mmol/L
of potassium. Zinc deficiency impaired the response to glutamate
at 5 mmol/L, but the effect appeared to be due to decreased food
intake (Figure 3).
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Figure 2 Calcium uptake by cortical synaptosomes from guinea
pigs of low and adequate zinc status when stimulated with gluta-
mate (500 wmol/L) in the presence of 5 and 45 mmol/L of potassium.
n = 8 per group; pooled SEM = 14. Other designations are as in
Figure 1.
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Figure 3 Calcium uptake by hippocampal synaptosomes from
guinea pigs of low and adequate zinc status when stimulated with
glutamate (500 pmol/L) in the presence of 5 and 45 mmol/L of
potassium. n = 8 per group; pooled SEM = 21. Other designations
are as in Figure 1.

Experiment 2

The calcium uptake data from this experiment are presented in
Table 3. Both potassium depolarization and NMDA stimulated
calcium uptake. As in Experiment 1, there was an interaction
between dietary treatment and potassium concentration in both
cortical and hippocampal synaptosomes. This interaction reflects
the fact that low zinc status decreased the calcium uptake response
to depolarization (Figure 1). As in Experiment 1, when glutamate
was the agonist, potassium depolarization significantly increased
the response to NMDA in cortical but not in hippocampal synap-
tosomes.

Dietary treatment had no effect on NMDA-stimulated calcium
uptake in either cortical or hippocampal synaptosomes regardless
of potassium concentration (Figures 4 and 5).

Discussion

Previous results?’ showed that zinc deficiency in the guinea
pig impairs potassium-stimulated calcium uptake by cortical
synaptosomes. Glutamate stimulation in the presence of
high potassium resulted in additional calcium uptake, and
this incremental uptake was also impaired by zinc defi-
ciency. The results of this study confirm the earlier obser-
vations made with cortical synaptosomes and show that zinc
deficiency also depresses potassium-stimulated calcium up-
take by hippocampal synaptosomes. While glutamate-
stimulated uptake by hippocampal synaptosomes was not
significantly affected by zinc deficiency, the trend was the
same as for cortical synaptosomes (25% reduction).
NMDA-stimulated uptake was unaffected in both tissues.
The glutamate results show that there is a difference be-
tween the cortical and hippocampal synaptosomes as re-
gards the dietary effect on glutamate stimulation. The dif-
ference in response of the two tissues is demonstrated by the
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Table 3 Effect of NMDA and potassium on calcium uptake by cortical and hippocampal synaptosomes from guinea pigs of low and adequate

zinc status®

0 pmol/L. of NMDA

500 wmol/L. of NMDA

Dietary treatmentt 5 mmol/L of K 45 mmol/L of K 5 mmol/L of K 45 mmol/l. of K
Cortex {pmol of Ca/mg of protein)
—ZN 641+ 19 1974 = 322 676 x 22 2146 = 45°
+RF 657 = 26 2147 + 83" 699 + 27 2306 = 96°
+AL 705 x 32 2239 = 113° 745 = 35 2414 = 126°
Hippocampus
~ZN 774 = 51 2011 = 1182 809 = 55 2153 = 1252
+RF 781 + 38 2184 + 105° 831 + 42 2319 + 107°
+AL 818 + 52 2315 + 133% 874 =50 2456 + 13g°

*Values are mean = SEM, n = 8 for each dietary treatment. Values within columns and within tissues with different letter superscripts °° are
significantly different, P < 0.05. Split plot ANOVA, statistically significant contrasts: Cortex (pooled SEM = 42): potassium (K), P < 0.001;
NMDA (N), P < 0.001; diet (D) x K, P = 0.004; K x N, P = 0.010. Hippocampus (pooled SEM = 49). K, P < .001; N, P = 0.002; D x K, P

= 0.003.

1+Treatment abbreviations: —ZN refers to ad libitum consumption of the low zinc diet; +AL and +RF refer to ad libitum and restricted

consumption, respectively, of the adequate zinc diet.

fact that there is a consistent potassium/agonist interaction
in the cortex but not in the hippocampus. The hippocampus
is particularly rich in zinc,?? and therefore may be less sus-
ceptible than the cortex to the effects of dietary zinc depri-
vation.

Although the results of these studies clearly show that
zinc deficiency impairs calcium uptake by synaptosomes
prepared from both cortex and hippocampus, the specific
calcium channel(s) affected is unknown. The impairment of
potassium-stimulated calcium uptake in both cortical and
hippocampal synaptosomes suggests that zinc deficiency
has a direct effect on the function of voltage-gated calcium
channels. However, it is possible that a proportion of the
calcium uptake stimulated by potassium depolarization is
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Figure 4 Calcium uptake by cortical synaptosomes from guinea
pigs of low and adequate zinc status when stimulated with NMDA
{500 wmol/L} in the presence of 5 and 45 mmol/L of potassium. n =
9 per group; pooled SEM = 16, Other designations are as in
Figure 1.
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the result of glutamate release and its subsequent activation
of postsynaptic receptors. Synaptosome preparations con-
tain a high concentration of glutamate, a proportion of
which is released into the medium when they are depolar-
ized by high potassium.?® In cerebellar granule cells, 90%
of the calcium uptake due to depolarization with 35 mmol/LL
of potassium is blocked by the NMDA channel blocker
phencyclidine.®® Recent results from this laboratory
(Browning and O’Dell, unpublished results) show that 30%
of the calcium uptake by rat synaptosomes depolarized by
40 mmol/L of potassium can be blocked by MK-801.
Therefore, it is likely that the potassium-stimulated calcium
uptake by the cortical and hippocampal synaptosomes as
defined in this and the earlier study?’ was due to activation
of both VGCC and the NMDA receptor/channel.
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Figure 5 Calcium uptake by hippocampal synaptosomes from
guinea pigs of low and adequate zinc status when stimulated with
NMDA (500 pmolil) in the presence of 5 and 45 mmol/L of potas-
sium. n = 9 per group; pooled SEM = 19. Other designations are
as in Figure 1.
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Recent results from this laboratory®! show that zinc de-
ficiency has a direct effect on the NMDA receptor/channel,
since the building of MK-801 is decreased in cortical mem-
branes from zinc-deficient guinea pigs. However, the re-
sults of the present study, which show no effect of zinc
status on the response to NMDA, a specific postsynaptic
agonist, suggest that the function of the NMDA receptor/
channel complex is not affected. It is likely that impaired
VGCC function is a primary defect in zinc deficiency.

The observation that glutamate-stimulated uptake by cor-
tical synaptosomes is decreased by zinc deficiency while
NMDA-stimulated uptake is not affected must relate to the
difference in specificity of the two agonists. Unlike
NMDA, glutamate binds to and activates several different
postsynaptic receptors besides the NMDA receptor/channel,
including the AMPA/kainate and metabotropic receptors. '
The AMPA/kainate receptors are responsible for fast neu-
rotransmission.'® Binding of glutamate to the AMPA/
kainate receptor gates an ion channel that is permeable to
sodium and potassium, resulting in depolarization of the
postsynaptic membrane. Since the depolarizing concentra-
tion (45 mmol/L) of potassium used in these experiments
was submaximal,?’ the addition of saturating levels of
glutamate provides an additional increment of depolariz-
ing stimulus that would not be provided by NMDA. This
increased depolarization could enhance calcium uptake by
activating VGCC in the postsynaptic membrane.*? The ob-
served decrease in potassium-stimulated calcium uptake
may due to reduced uptake via postsynaptic VGCC, result-
ing from either a direct effect on VGCC function or an
impairment of AMPA/kainate channel function. Besides
this indirect effect on calcium uptake, under some condi-
tions AMPA/kainate channels are directly permeable to cal-
cium.?® Since the activity of the AMPA/kainate channel is
enhanced by zinc added in vitro,'** it may be affected by
dietary zinc deficiency as well. Thus, part of the effect of
zine deficiency could be due to impaired calcium uptake by
the AMPA/kainate channel.

Since VGCC are found in all types of excitable cells, this
impairment of VGCC function may be relevant to other
pathology observed in zinc deficiency. For example, plate-
lets have voltage-gated calcium channels,?® and platelets
from zinc deficient rats, whether stimulated by ADP?¢ or
thrombin,** show impaired calcium uptake. Malfunction of
pre- and postsynaptic voltage-gated calcium channels could
explain the neuropathology observed in zinc-deficient ani-
mals. Peripheral neuropathy may result from impairment of
VGCC at the neuromuscular junction,> and poor cognition
and memory may arise from an indirect effect of impaired
voltage-gated calcium channels in the postsynaptic mem-
brane. Since change in cytosolic calcium concentration
serves widely as a second messenger, impairment of plasma
membrane calcium channels may be a general basis of zinc
deficiency pathology.
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