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Introduction

Although glucose is a principal metabolic fitel in the central nervous system
(CNS), brain can utilize alternative metabolic substrates to sustain brain function,
such as monocarboxylates, citric acid cycle intermediates, free amino acids, and free
fatty acids, when glicose is unavailable. It has been proposed that impaired glucose
utilization in the CNS could be a possible cause of cognitive dysfunction. Diabetic
subjects undergoing hypogiycemia often exhibit the deficiencies in learning, attention
and memory. Protective effect of lactate on the cerébral function during
hypoglycemia has been demonstrated. In Alzheimer' disease (AD), impaired glucose
utilization and oxidation of energy substrates other than glucose have been reported.
Increased expression of monocarboxylate transporter 1 and decreased
immunoreactivity of glucose transporter 3 in AD brain suggest that elevated
utilization of monocarboxylates may influence the cognitive decline. Based on these
observations, it should be investigated whether monocarboxylates could function to
support neural plasticity. However, there is little information if higher synaptic

function can be supported by monocarboxylates.

Hippocampal Iong-térm potentiation (LTP) and depression (LTD) are two forms

of synaptic plasticity, which have attracted: considerable attention in the search for the -

mechanisms of learning and memory. We have been investigating the effects of
monocarboxylates on synaptic function aﬁd neural energy metabolism in the
hippocampal dentate gyrus. Monocarboxylates canb be utilized to preserve the high-
energy phosphates levels. We have found that substitution of lactate for glucose in the
perfusion medium results in a decay of field popﬁlation spike (PS), followed by
spontaneous recovery to normal levels. In this respect, however, Schurr, Fowler, and

Tzumi have reported that PS is maintained consistently after replacement of glucose

with lactate in CAI pyramidal cell layer of rat hippocampal slices. This discrepancy

- may result from the differences in temperature and/or technical procedures for slice

preparation.

Tzumi et al. have reported that pyruvate and lactate are effective alternative energy
substrates for the induction of LTP. However, their experiments are carried out at
30°C, at which temperature neural metabolism is changed. In addition, differences in
the experimental brocedures for slice preparation could be crucial to analyze the
relationship between neuronal metabolism and synaptic plasticity. Therefore, in the
present experiment, we re-evaluated the effects of monocarboxylates on paired-pulse
facilitation (PPF), LTP and LTD of granule cell population responses in hippocampal
slices.

Methods

Hippocampal slices were prepared from guinea pig brains (Hartley, SLC,
Shizuoka, Japan) weighing 200-300 g by a standard technique. All animals were
treated according to the guidelines for animal experimentation at the Kobe University
School of Medicine. The hippocampi were quickly dissected and sliced into 300-400-
pm-thick transverse sections. The slices were incubated for at least 20 min in standard
medium (in mM: 125 NaCl, 4 KC}, 1.24 KH,POs, 1.3 MgSOs, 2 CaCl, 26 NaHCO;,

10 Glucose) oxygenated with 95% 0y/5% CO at 35-36 °C. At the time of study,
slices were transferred to the recording chamber which was pe;ﬁ.:sed continuously
with the standard medium at a flow rate of 3 m¥/min and was kept at 35-36 °C. PS
were recorded from the granule cell layer of the hippocampal dentate gyrus with glass
microelectrodes filled with 2 M NaCl. Evoked synaptic responses were elicited with
0.1-msec constant current pulses through a bipolar electrode placed in the perforant

pathway. In each experiment, 2 full input-output curve was determined. The stimulus
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intensity that evoked a half-maximal granule cell population spike amplitude was
selected for subsequent test stimuli. Test pulses were then given at 0.05 Hz
throughout the experiments. The synaptic .responses were estimated by the PS
amplitude, which was measured by averaging the distance from the negative peak to
the midpoint of the preceding and following positive peaks. After checking the stable
baseline for 20 min, condition stimuli for PPF, LTP and LTD were delivered. PPF was
evaluated by systematic variation of the inter-pulse intervals ranging from 5 to 1000
msec using pulses of the same intensity. To induce LTP in the hippocampal dentate
gyrus, three sets of high-frequency stimulus (HFS) trains were delivered, each
consisting of 8 pulses at 500 Hz, at a frequency of one train per 10 sec. In the other
set of experiments, LTD was induced by applying low-frequency stimulation (LFS)
consisting of 900 pulses delivered at 1 Hz. Testing with single stimuli was continued
for at least 60 min. Adding Na-lactate or Na-pyruvate, accompanied by reduction of
NaCl did not influence the pH and the osmolarity of circulation medium. Values are
presented as means + s.e.m. Statistical analysis was performed by non paired t-test.
Results

Consistent with our previous reports, removal of glucose from the perfision
medium produced a complete elimination of the PS within 30 min. replacement of
exogenous glucose with 10 mM Na-lactate during glucose deprivation transiently
depressed the PS amplitude, followed by spontaneous recovery to 118.7 £ 9.4 % of
the control PS after 60 min. 10 mM Na-pyruvate in the absence of glucose also

resulted in transient depression of PS and spontaneous recovery to 124.3 £ 12.9% of

the control levels with a similar time course.

To test the effects of monocarboxylates on the synaptic plasticity, PPF, LTP and

LTD were induced in the hippocampal slices that were pretreated with 10 mM lactate

or 10 mM pyruvate. Similarly, PPF of 10 mM glucose, lactate or pyruvate-supported
PS was elicited by paired-pulses of 10, 20, 40 msec interval and a maximal
facilitation was obtained at 10 msec interval pulses. By stimulation with 10 msec
interval pulses, the averages of a maximal facilitation were 189.8 = 11.2%, 195.7
14.7% and 169.6 +.14.3% of glucose-supported, lactate-supported and pyruvate-
supported PS, respectively. There were not any significant differences among all
groups,

Next, we studied the effects of monocarboxylates on TP and LTD. At 60 min after
HFS, the amplitude of 10 mM glucose-supported PS increased to 183.8 + 9.3% of
baseline PS amplitude (control LTP). LTP were induced of 10 mM lactate- and 10
mM pyruvate-supported PS (138.2 = 4.8% and 135.0 £ 3.6% of the initial baseline,
respectivély), which were significantly suppressed, compared with control LTP (p <
0.01). The amplitude of PS in slices, which were pre-incubated with lactate, increased
to 140.6 + 10.8% of baseline, which was also signiﬁcantly depressed than control LTP.

when 1 Hz LFS applied for 15 min, a substantial depression of synaptic responses
was observed in slices incubated with 10 mM glucose (80.3 £ 4.9% of baseline at 60
min after LFS, control LTD). In contrast, LFS failed.to induce LTD in slices treated
with 10 mM lactate and 10 mM pyruvate (99.9 £ 7.3%. and 101.6 £ 5.9% of the
original P§ amplitude at 60 min after LFS, respectively). Then, we re-introduced the
control glucose medium to hippocampal slices pre-incubated with lactate, resulting in
the failure of LTD induction (95.1 + 5.8% of the initial baseline PS, p < 0.05
compared with control LTD).
Discussion
In the present study, we have found that 1) monocarboxylates (lactate and

pyruvate) can sustain granule cell population responses after transient depression; 2)
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substitution of monocarboxylates for glucose results in a simifar degree of PPF,; 3)
HFS can induce LTP of monocarboxylates-supported PS, but the degree of
enhancement is less than that of glucose-supported PS; and 4) LFS can not induce
LTD of monocarboxylates-supported synaptic responses.

1t is not likely that altered energy homeostasis in monocarboxylates-treated slices
is responsible for the suppression of LTP and LTD by the following reasons. 1) Re-
application of control glucose medium to hippocampal slices that were pretreated
with lactate or pyruvate failed to induce the Vmaximal LTP and LTD, and 2) In the
previous experiments, we have observed the preserved levels of high-energy
phosphates (ATP and creatine phosphate) in dentate gyrus after substitution of lactate
for glucose." Based on these observations, impaired LTP and LTD induction of
monocarboxylates-supported synaptic responses is apparently due to some metabolic
alteration, occurred during the transient synaptic depression after the replacement of
glucose with monocarboxylates.

The molecular mechanisms that underlie the induction of LTP and LTD have
been investigated extensively. In hippocampal granular cells, most of the available
evidence speaks in favor of a postsynaptic induction of LTP and LTD by a rise in the
intracellular calcium concentration. In this respect, we have found that intracellular
calcium concentration increases concomitantly with the early decay of synaptic
potentials and recovers partially with the spontaneous recovery of PS after the
replacement of glucose with lactate. Addition of blockers for N-methyl-D-aspartate
(NMDA) glutamate receptor and L-type voltage-dependent calcium channel inhibits
spontaneous recovery of PS. Activation of NMDA receptors by weak tetanus
markedly diminishes the ability of a strong tetanus to generate LTP, which is

presumably due to pre-activated NMDA receptors mediated by elevated intracellular

calcium concentration during the weak tetanic stimulation. After incomplete ischemia
not accompanied with morphological changes, but with alteration in intracellular
calcium homeostasis, LTP in perforant path-dentate gyrus synapses has also been
reported to be suppressed. Taken together, it seems plausible that monocarboxylate-
induced alteration of intracellular calcium homeostasis during transient PS depression
affects on the subsequent induction of LTP and LTD.

Finally, our results suggest that continuous presence of glucose is essential to
induce maximal long-term synaptic plasticity in the brain. Impaired induction of LTP
and LTD of monocarboxylates-supported synaptic function may partially explain the
neural dysfunctibn caused by problems with glucose utilization. Molecular insight‘for
the impaired induction of long-term synaptic plasticity of monocarboxylates-

supported synaptic responses will be investigated in firture studies.
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D LTP HFEFE N, B (Fva—2) COLTP (184%) LHKT 3 LHEEIC
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BHBERIT L A LTIV D o BB B 28, B0 Y+ 7 ZATBIE(pPF,
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