out of six responded to peptide Al and one °

out of three to peptide Bl. Since T cell
response is under HLA control it is not
expected that all individuals respond to any
given T cell epitope (24). The epitopes
identified here interact with HLA class II
molecules DQ (peptide Al) and HLA DR-
6 (peptide B1, Table 4), as shown by the
effect of monoclonal antibodies to DQ, DR,
and DP in a T cell stimulation assay.

It is evident that for the design of a
vaccine information is required not only on
B and T cell epitopes but also on relevant
HLA class II molecules within a population.
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Lactate-Supported Synaptic Function in the Rat
Hippocampal Slice Preparation

AvVITAL SCHURR,* CATHERINE A. WEST, BENJAMIN M. RIGOR

The present study was undertaken to examine the possibility that cerebral energy
metabolism can be fueled by lactate. As a sole energy substrate, lactate supported
normal synaptic function in rat hippocampal slices for hours without any sign of
deterioration. Slices that were synaptically silent as a result of glucose depletion could
be reactivated with lactate to show normal synaptic function. When slices were exposed
to the glycolytic inhibitor iodoacetic acid, lactate-supported synaptic function was
unaffected, whereas that supported by glucose was completely abolished. This indicat-
ed that lactate was metabolized directly via pyruvate to enter the tricarboxylic acid
cycle. Thus, under conditions that lead to lactate accumulation (cerebral ischemia) this
“end product” may be a useful alternative as a substrate for energy metabolism.

LUCOSE IS GENERALLY ACCEPTED

to be the primary substrate in both

aerobic and anaerobic brain energy
metabolism (1), whereas lactate is the end
product of such metabolism in the absence
of oxygen (I). The oxidation of other sub-
strates by different brain tissue preparations
has been reported (2). However, the physio-
logical significance of such capability in vivo
has not been determined. Alternative sub-
strates to glucose could be important in
hypoglycemia or hypoxia, and especially

during cerebral ischemia, which appears to -

cause increased damage under hyperglyce-
mic conditions (3, 4). Lactic acidosis has
been suggested as a major detrimental factor
under these conditions (4). Our studies in
vitro have indicated a beneficial effect of
hyperglycemic levels of glucose on synaptic
function recovery from hypoxia (5). More-
over, lactic acidosis had no adverse effect on
hypoxic brain tissue in vitro (5, 6). We
report here that synaptic function in vitro
can be supported by lactate as the sole
substrate for energy metabolism.

One possible explanation for the lack of
adverse effects from lactic acidosis in brain
tissue is rapid lactate metabolism. Is this
metabolism simply a way to reduce lactic
acid to safe levels or is it an important
alternative as an energy substrate under cer-
tain circumstances? We used the rat hippo-
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campal slice preparation to answer these
questions.

We performed all experiments in a dual,
linear-flow incubation chamber (7) using
the rat hippocampal slice preparation and
electrophysiological methods (5-9). Extra-
cellular recording of evoked population re-
sponses (population spikes) from the stra-
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Fig. 1. The effect of a 60-min perfusion of rat
hippocampal slices with the concentrations shown
of lactate in ACSF on the evoked population spike
amplitude at 34° + 0.5°C. Slices were prepared,
maintained, and stimulated orthodromically
(Schaffer collaterals) as described (5-9); record-
ings (once per minute) were from the CAl stra-
tum pyramidale layer. Data show percent of base-
line population spike amplitude at 5-min inter-
vals. Lactate at 2 mM or higher could maintain
synaptic function in hippocampal tissue in vitro as
well as, or better than, 2 mM glucose (9). A dual
chamber was used and control and experimental
slices originated from one rat brain for any given
experiment. Records were stored and analyzed
later (5-9). Lactate (Sigma; 30% L-lactic acid
solution) was neutralized with NaOH before use.
Osmolarity was kept constant in the lactate ACSF
solution by adjusting the concentration of NaCl.
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tum pyramidale of the CAl region were
used as a measurement of synaptic function.
A slice in which a response could not be
evoked was considered to be synaptically
inactive. The glucose concentration in the
standard  artificial  cerebrospinal  fluid
(ACSF) perfusing the slices was 10 mAM (5-
9). When the perfusion medium was
changed to ACSF without glucose (0 ma1),
the synaptic function gradually diminished
(decreased amplitude of population spike)
until responses could not be evoked 30 to

12 1
10 mM lactate
ACSF

8- 0 mM glucose
ACSF

Population spike amplitude (mV)
1

0 Y T T T T T T T
0 20 40 60 80
Time (min)

Fig. 2. The effect of lactate supplement on the
synaptic function of rat hippocampal slices deplet-
ed of glucose. Slices in both compartments of the
dual chamber were perfused with standard ACSF
(10 mM glucose) for 15 min. Thereafter, glucose-
depleted ACSF was passed through the chamber
(95 min). At 65 min, 10 mM lactate was added to
the glucose-depleted ACSF in one compartment
(O). Synaptic function was recorded as described
in Fig. 1. The slice supplemented with lactate
recovered its synaptic function after glucose de-
privation, whereas the control slice (@) did not.
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Fig. 3. The effect of the glycolytic inhibitor
iodoacetic acid on synaptic function of rat hippo-
campal slices supplemented with lactate (O) or
glucose (@) as a sole energy substrate. The slices
in both compartments of the dual chamber were
perfused with standard ACSF (10 mM glucose)
for 15 min (baseline); the medium in one com-
partment (O) was then replaced with 20 mM
lactate in ACSF without glucose; 60 min later 0.2
mM iodoacetic acid-supplemented medium was
introduced to both compartments for an addi-
tional hour of perfusion. Data points of 2-min
intervals are shown; however, stimulating and
recording procedures were as described in Fig. 1.
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40 min after the beginning of such perfusion
(Fig. 1, 0 mAM). However, when slices were
perfused with glucose-free ACSF containing
2 to 20 mAM lactate, synaptic function could
be maintained for at least 60 min (Fig. 1).
Changes in the amplitude of evoked re-
sponses were determined continuously in
two slices, control and experimental, one in
each compartment of the dual chamber dur-
ing any given experiment (Fig. 1). The
remaining 10 to 15 slices in each compart
ment were tested for the presence of synap-
tic function by stimulating them ortho-
dromically at the end of the experiment. Any
slice showing an evoked response (popula-
tion spike) of an amplitude 3 mV or larger
was counted as synaptically active (Table 1).

Only 21% (41/196) of the slices exposed
for 60 min to glucose-free ACSF displayed
synaptic function, whereas a dose-depen-
dent increase in this rate was found with
increasing lactate concentration in the
ACSF, reaching 100% at 20 mM (Table 1).
In these experiments lactate gradually and
completely replaced glucose in the bathing
medium, yet, synaptic function was not
completely diminished (as long as lactate
concentration was =2 mM). In addition,
lactate was capable of resuscitating synapti-
cally silent slices that had been exposed to 45
min of glucose-free ACSF (Fig. 2). When
we compared the resuscitating ability of
lactate to that of standard ACSF (10 mM
glucose), 79% (38/48) of the lactate-treated
slices recovered their synaptic function after
30 min of resuscitation and 87% (41/47) of
the glucose-treated slices recovered theirs
(insignificant  difference with chi-square
test). Hence, both glucose and lactate are
capable of restoring synaptic activity to syn-
aptically silent, glucose-depleted hippocam-
pal slices. Lactate at 10 mA/ appeared to be
less efficient as an energy substrate than 10
mM glucose. Evidence of this was the
~20% fall in the amplitude of the evoked
population spike when lactate was substitut-
ed for glucose in the perfusion medium
(Fig. 1). However, at low concentration
lactate seemed to be a more efficient energy
source than glucose: whereas 2 mM lactate
could maintain synaptic function for at least
60 min (Fig. 1), 2 mM glucose could not
).

We also tested whether lactate utilization
as an energy substrate proceeds directly via
lactate dehydrogenase and pyruvate into the
tricarboxylic acid cycle or via gluconeogene-
sis and glycolysis. Slices were maintained
with lactate-ACSF or standard glucose-
ACSF for 120 min. Exactly at half time the
respective substrates were supplemented
(for the remainder of the experiment) with
0.2 mM iodoacetic acid (Fig. 3). Of the
lactate-perfused slices, 97% (28/29) were

Table 1. Percentage of rat hippocampal slices
showing synaptic function after 60 min of perfu-
sion with glucose-depleted ACSF containing lac-
tate at the molar concentrations shown. Each slice
in a given experiment (10 to 15 slices per com-
partment of the dual chamber per experiment)
was tested at the end of the 60-min perfusion
period for presence of a population spike (>3
mV) by stimulating it orthodromically and re-
cording from the CAl stratum pyramidale layer.
For other details see Fig. 1.

Lactate Number Recovered

(mM) of slices (%)
0 41/196 21

1 19/94 20

2 78/91 86

5 73/81 90

10 77180 96
20 48/48 100

not affected by the glycolytic inhibitor since
they continued to display normal synaptic
function. However, synaptic function in all
(n=31) control, glucose-supplied slices
was completely abolished. We concluded
that lactate utilization as an energy substrate
by rat hippocampal slices proceeds via pyru-
vate, bypassing glycolysis.

Our present and previous studies (5, 6)
suggest that lactate is not strictly an end
product of energy metabolism but rather a
secondary energy substrate which, under
certain circumstances (hypoglycemia, isch-
emia) can become the principal energy
source. It has been argued that because there
are concomitant increases in glucose, the
depressed levels of lactate during the first 12
hours of ischemic resuscitation are due to
hypometabolism (10). Our results suggest
that the decrease in lactate is due to an
increase in its metabolism; this would ex-
plain the decrease in glucose utilization dur-
ing the initial hours of resuscitation. Appar-
ently, the conversion of lactate to pyruvate,
the substrate for the tricarboxylic acid cycle,
is preferred thermodynamically over the
conversion of glucose to pyruvate, since the
latter requires the investment of adenosine
triphosphate while the former does not.
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Expression of c-fos Protein in Brain:
Metabolic Mapping at the Cellular Level

S. M. SaGgar,* F. R. SHARP, T. CURRAN

The proto-oncogene c-fos is expressed in neurons in response to direct stimulation by
growth factors and neurotransmitters. In order to determine whether the c-fos protein
(Fos) and Fos-related proteins can be induced in response to polysynaptic activation,
rat hindlimb motor/sensory cortex was stimulated electrically and Fos expression
examined immunohistochemically. Three hours after the onset of stimulation, focal
nuclear Fos staining was seen in motor and sensory thalamus, pontine nuclei, globus
pallidus, and cerebellum. Moreover, 24-hour water deprivation resulted in Fos
expression in paraventricular and supraoptic nuclei. Fos immunohistochemistry there-
fore provides a cellular method to label polysynaptically activated neurons and thereby

map functional pathways.

HE C-f0s GENE, THE NORMAL CELLU-
lar counterpart of the viral oncogene
v-fos (I), is rapidly and transiently
expressed in many tissues in response to
growth factor stimulation (2). It encodes a
nuclear phosphoprotein (Fos) that exhibits
both nonspecific (3-5) and sequence-specif-
ic (6) DNA binding properties. A set of Fos-
related antigens has been identified that also
appear to be nuclear DNA binding proteins
(4, 7, 8). Although the function of c-fos is
not known, it has been suggested that it acts
as a “third messenger” molecule in signal
transduction systems, where it would couple
short-term intracellular signals elicited by a
variety of extracellular stimuli to long-term
responses by altering gene expression (9).
Fos can be demonstrated immunohisto-
chemically to be in the nuclei of neurons in
normal and pathological circumstances (10—
12). In vitro, c-fos RNA and Fos rapidly
increase in pheochromocytoma (PC12) cells
after depolarization or stimulation with cho-
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linergic agonists (13). Fos is normally pre-
sent in rodent brain, particularly cerebral
cortex and hippocampus, and its expression
increases transiently after generalized sei-
zures (11, 12). Moreover, cutaneous stimu-
lation induces Fos expression in neurons of
the spinal cord dorsal horn (10).

This literature suggests that Fos is tran-
siently expressed in neurons after synaptic
stimulation. Since the basal expression of
Fos is relatively low in most central nervous
system (CNS) regions, Fos expression
might provide an anatomic technique for
metabolic mapping similar in some respects
to 2-deoxyglucose autoradiography (I14).
Although lacking the quantitative potential
of the 2-deoxyglucose method, Fos expres-
sion offers cellular resolution, since immu-
nohistochemical Fos staining is localized to
the cell nucleus.

Bipolar stimulating electrodes were im-
planted into the hindlimb motor/sensory
cortex of adult rats that were under general
anesthesia (15). Twenty-four hours later,
electrical stimulation was carried out in four
awake, restrained animals for 15 min or for
1 hour in one animal (16). Two sham-
operated animals were restrained, but re-
ceived no electrical stimulation. Two unop-
erated, unanesthetized animals were also
examined. Three hours after the beginning
of stimulation, rats were anesthetized with

pentobarbital, 50 mg/kg intraperitoneally,
and were perfused through the aorta with
saline and then with 4% paraformaldehyde
in 0.1M sodium phosphate buffer, pH 7.4
(PB). Brains were removed and immersed in
the same fixative for 4 hours at 4°C and then
washed in PB. Fifty-micrometer coronal sec-
tions were cut on a Vibratome and were
stained immunohistochemically for Fos by
the avidin-biotin-peroxidase (ABC) method
(17). The primary antiserum is an affinity-
purified antiserum raised to a synthetic pep-
tide, the M peptide (5, 7), corresponding to
residues 127 to 152, which are common to
both c-fos and v-fos. This antiserum has been
characterized (5, 7) and cross-reacts with
several Fos-related antigens (4, 5, 7, 8).

In control brains into which electrodes
were inserted but no current passed, there
was staining of cell nuclei in a reproducible
and symmetric pattern in cerebral cortex
(predominantly layers 1 to 4), hippocampal
formation, striatum, piriform cortex, amyg-
dala, and basal forebrain. The cerebellum,
brainstem, thalamus, and globus pallidus of
control brains were mainly devoid of stain-
ing, except for 'scattered cells. This is in
agreement with previous observations (12).

The brains of stimulated rats exhibited
two major differences from control brains.
First, all stimulated subjects had increased
staining in the motor/sensory cortex com-
pared to controls, though only in three of
five was the staining asymmetrically in-
creased on the stimulated side (Fig. 1A)
compared to the contralateral side (Fig. 1B).
Second, in all stimulated animals there were
focal areas of asymmetric increased Fos
staining corresponding to brain regions
known to be targets of motor/sensory cortex
output. These regions include ipsilateral
thalamus in the ventrolateral, ventrobasal,
centrolateral, mediodorsal, posterior, para-
fascicular, ventromedial, and reticular nuclei
(Fig. 1, C and D). In one animal a few cells
in the ipsilateral globus pallidus expressed
Fos nuclear staining (18). Focal staining of
cells in ipsilateral pontine nuclei was also
seen (Fig. 2C).

Of particular note are areas of nuclear
staining in the copula pyramidus of the
cerebellum, most marked contralateral to
the stimulation, but with less dense staining
in the corresponding ipsilateral area as well
(Fig. 2A). These regions appear to corre-
spond to cerebellar microzones. These are
zones 0.5 to 1 mm long in cerebellar cortex,
which can be defined electrophysiologically,
anatomically by afferent inputs, or anatomi-
cally by neurotransmitter distribution (19).
They may represent regions in which differ-
ent functional modalities are integrated
within the cerebellum (20). The vast major-
ity of stained nuclei in the cerebellum were
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