Biochemical Pharmacology, Vol. 34, No. 9, pp. 1477-1483, 1985.
Printed in Great Britain.

INFLUENCE OF AGING AND EXOGENOUS SUBSTANCES
ON CEREBRAL ENERGY METABOLISM IN
POSTHYPOGLYCEMIC RECOVERY

G. Bexnz1. O. PasTORIS, R. F. ViLLA and A. M. GIUFFRIDA®

Institute of Pharmacology, Department of Science, University of Pavia. Italy and *Institute of
Biochemistry, University of Cantania, Italy

(Received 9 August 1984; accepted 30 October 1984)

Abstract—In rats of different ages, acute severe hypoglycemia with isoelectric EEG induced extensive
deterioration of the energy state and gross alteration of amino acid contents. During recovery of adult
animals, tissue glucose concentration returned to normal, while the rate of glycogen synthesis was slow,
both lactate and pyruvate concentrations increasing above normal. In the recovery period of “adult”
rats, the ATP concentration increased but the adenine nucleotide pool remained reduced, even if
the ADP and AMP concentrations were close to normal. Phosphocreatine was restored to normal
concentrations with reciprocal changes in creatine content. In adult rats, during the recovery there was
a rise in glutamate and glutamine concentrations, gamma-aminobutyrate concentration returning to
normal value. Ammonia and aspartate decreased below normal, while alanine increased above normal.
Aging does not affect the cerebral metabolic derangement occurring in severe hypoglycemia, but rather
the metabolic changes that the brain tends to reverse during the posthypoglycemic restitution. In fact.
there was lower restitution of the concentrations of cerebral cortical metabolites of “mature” and
“senescent” rats in comparison with “adult” ones. Particularly, in older brains the concentrations of
many amino acids and adenylate nucleotides remained largely abnormal.

The effect of some agents on the posthypoglycemic recovery was tested: (a) dihydroergocristine; (b)
eburnamonine; (c) raubasine; (d) almitrine; (e) piracetam. During the posthypoglycemic recovery, these
different agents exhibited different interferences on glycolytic metabolites, amino acids and energy-rich
phosphates. However, a more limited effect of the tested agents, which decrease with aging, was

0006-2952/85 $3.00 + 0.00
© 1985 Pergamon Press Ltd.

observed.

Severe hypoglycemia induces gross derangement of
cerebral energy state, with reduced concentrations
of ATP and phosphocreatine and with increased
contents of ADP, AMP and creatine. With the
degree of hypoglycemia achieved in the present study
(<1.0 umole/g), glucose transport into the brain is
rate-limiting {1, 2] and insufficient to support brain
energy metabolism. The observation that the CMR
glucose declines at a faster rate with decreasing
plasma glucose than does the CMR oxygen, suggests
oxidation of other endogenous substrates including
glycolytic intermediates as well as Krebs cycle inter-
mediates and related amino acids [3-13]. During
posthypoglycemic restitution by glucose adminis-
tration there is a moderate recovery of cerebral
energy state. However, a persisting reduction in the
pool size of both adenine nucleotides and amino
acids occurs [4, 6-8].

The above-quoted data were obtained from
“adult” animals, without paying any attention to
eventual changes related to aging. It is therefore
important to investigate at cerebral level the effect
of aging on the biochemical modifications induced
by posthypoglycemic recovery following acute severe
hypoglycemia. On the other hand. the posthypo-
glycemic recovery could be a suitable model for the
evaluation of the influence of exogenous agents on
brain substrate utilization in an experimental con-
dition characterized by a derangement in carbo-
hydrate and amino acid metabolism without dis-

ruption of the oxygen supply. In this way, there exist
agents widely used clinically in humans, which are
classified as cerebral “vasoactive”, “metabolic” or
“vasculometabolic” substances. Clearly this classi-
fication is a vague and superficial one. On the other
hand, this work is intended also to overcome it,
besides being aimed at detecting the action of these
substances on several metabolites related to cerebral
energy metabolism during the posthypoglycemic
recovery. The following agents were chosen: di-
hydroergocristine; eburnamonine; raubasine; almi-
trine and piracetam.

Therefore, the aim of the present study was to
evaluate the changes induced by aging on cerebral
energy metabolism in severe hypoglycemia and dur-
ing the posthypoglycemic recovery with or without
treatment with the above-quoted substances. Rats
of different ages (20, 60 and 100 weeks of age)
were made hypoglycemic by insulin injection and
maintained with an isoelectric EEG for 20 min.
Recovery was induced for 20 min by glucose injec-
tion. The brain cortical concentrations of carbo-
hydrates, amino acids and energy mediators were
evaluated.

MATERIALS AND METHODS

Animals and blood sampling technique. The
experiments were performed on male Sprague-Daw-
ley rats 20, 60 or 100 weeks old, roughly cor-
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responding to “adult”, “mature” and “senescent”
animals. Obviously. these attributions are totally
arbitrary and imprecise. However, they are used to
facilitate the singling out of certain ages during rats’
life. The rats were fasted 24 hr before the experi-
ments but had free access to water. Animals were
curarized with tubocurarine chloride (0.4-0.6 mg/
kg,i.v.) and artificially ventilated with 709% N,O and
30% O,. Body temperature was maintained close to
37.2°. Blood samples from one femoral artery were
anaerobically taken for the determination of pH and
of CO; and O, partial pressure. or collected directly
in liquid nitrogen for the measurement of glucose
level. A plastic funnel was accommodated over the
skull bone for later freezing of the brain in situ with
liquid nitrogen. One hour before the anesthesia and
preparative procedure, insulin (40 .U /kg in 2 ml/kg
of Krebs-Henseleit solution) was injected i.p. The
beginning of the period of severe hypoglycemia was
defined as the time when spontaneous EEG activity
disappeared.

Experimental plan and withdrawal of cerebral
samples. The following groups of rats were used.
Three control groups of 10 “adult™, 6 “mature” and
6 “senescent” sham-operated rats were maintained
for about 3 hr before brain tissue was frozen in situ
by liquid nitrogen. In the other groups. animals were
kept at steady state until the EEG became isoelectric
after a period of about 3 hr from insulin injection.
Three groups of 6 “adult”, 6 “mature”, and 6 “sen-
escent” rats were kept hypoglycemic and maintained
for 20 min with the isoelectric EEG before tissue was
sampled. Other groups of “adult”. “mature™. and
“senescent” rats (N =6 in each) were allowed to
recover for 20 min following the isoelectric period of
20 min before brain tissue was frozen irn situ by liquid
nitrogen (posthypoglycemic recovery). Recovery
was induced by glucose i.v. injection (1 ml/kg of a
50% glucose solution) and maintained by glucose
i.v. perfusion.

Therefore, in the cerebral cortex of “adult™ or
“mature” or “senescent” rats, metabolites were
measured: (a) in control condition: (b) after 20 min
of severe hypoglycemia: (c) after 20 min of post-
hypoglycemic recovery following an isoelectric EEG
period of 20min. At the end of a 20-min period
of posthypoglycemic recovery the effect of an i.v.
perfusion with some agents was tested. The zero
time for the beginning of the treatment was defined
as the time of onset of isoelectric EEG. the pertfusion
being therefore of 40 min duration, at the rate of
0.02 ml/min per kg with (a) saline solution. (b) di-
hydroergocristine (1 x 107 M) (c) eburnamonine
(4 x 1072 M), (d) raubasine (3 x 10"*M) (e) almi-
trine (5% 107*M), (f) piracetam (8 X 107" M).
Before the experiment. the animals were pretreated
for two weeks (6 days a week) with i.p. injections
(0.8 ml/kg) of the same agents at the above-quoted
molar concentrations.

Analytical technigue. For the analysis of carbo-
hydrates. amino acids and energy mediators. the
brains were frozen in situ by liquid nitrogen. Brain
cortical tissue from fronto-parietal region was
extracted at —20° with HCl-methanol and sub-
sequently at 0° with perchloric acid. The neutralized
perchloric acid free extracts were analysed [14. 15]

G. BENzI ¢f al.

for: glycogen. glucose. lactate. pyruvate; glutamate.
glutamine, aspartate, alanine, GABA. ammonia:
ATP, ADP., AMP. phosphocreatine. creatine. The
energy state of the cortical cerebral tissue was evalu-
ated in terms of the adenylate energy charge. cal-
culated as: ([ATP] + 0.5|ADP])/([ATP] + [ADP]
+ [AMP]).

Statistical analvsis. The analvsis of  variance
(ANOVA) for factorial experiment was applied
(P <0.01).

RESULTS
Cerebral changes by severe hypoglveemia in animals
of different ages

In the cerebral cortex of rats of the different ages
tested (Tables 1-3). a 20-min period of severe hypo-
glycemia with isoelectric EEG induced an extensive
breakdown of creatine phosphate and ATP. while
ADP., AMP and creatine increased. the behaviour
being unaffected by aging. Furthermore. severe
hypoglvcemia decreased the cortical concentrations
of glycolytic metabolites: glvcogen. glucose.
pyruvate. lactate. A massive accumulation of cer-
ebral ammonia was associated to a reduction of
glutamate. glutamine, alanine and GABA. and to
an increase in aspartate cortical concentrations. the
behaviour being age-independent from a biological
point of view.

Cerebral age-related changes during posthypogly-
cemic recovery

In “adult™ animals (Table 1). after 20 min of post-
hypoglycemic recovery. cerebral phosphocreatine
was restored to normal. while in both “mature™ and
“senescent” rats (Tables 2 and 3) the values were
lower than normal. The cortical ATP concentration.,
the energy charge potential and the adenine nucleo-
tide pool size were still lower than normal after
20 min of posthypoglycemic recovery. the metabolic
state being more largely abnormal in “senescent™
animals. There was restoration of brain glucose con-
centration, the little glycogen resvnthesis being
slower in older brains. Furthermore. pvruvate cor-
tical concentrations rose above control in both
“adult™ and “mature” rats (Tables 1 and 2), while in
“senescent” animals (Table 3) its concentration after
20 min of recoverv was lower than normal. Lactate
cerebral concentration increased above normal in
rats of different ages. with greater values in older
brains.

After 20min of recovery there was o tendency
towards elevation of glutamate and glutamine con-
centrations. but the values were still lower than
normal particularly in "mature™ and “senescent” rat
brains. Alanine increased above normal during the
posthypoglvcemic period in the cortical tissues of rats
of different ages. Aspartate. gamma-aminobutvrate
and ammonia returned to normal or near-normal
values in the cerebral cortex of “adult™ and “mature”
rats (Tables 1 and 2). while in “senescent’” animals
(Table 3) their values were greater (ammonia) or
lower (aspartate. gamma-aminobutyrate) than nor-
mal after 20 min of recoverv. As a result. in com-
parison with the control values. the cerebral free
amino acid pool remained reduced after 20 min of
recovery. the reduction being by about 4.75 in
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“adult™. 5.83 in "mature” and 7.36 umoles/g in “sen-
escent” rats. respectivelv,

Exogenous agent effects during posthypoglycemic
recovery

The influence of the i.p. pretreatment and the
subsequent i.v. infusion with some agents was tested
after @ 20-min period of recovery. Only those data
arc given which not only are statistically significant
(Tables 1-3) but also of sufficient magnitude to have
any biological meaning.

In comparison with saline-treated rats, after the
recovery following hypoglvcemia and treatment with
dihydroergocristine the glucose concentrations
decreased in the cerebral cortex of rats of the dif-
ferent ages tested. while pyruvate decreased only in
“adult™ animals. Since there was always an increase
in cortical lactate concentrations, the lactate:
pyruvate ratios increased, the increase being greater
in older brains. Furthermore, dihydroergocristine
induced an increase of ATP concomitant with a
decrease in creatine phosphate. the effects being
lower in older brains. In the cerebral cortex of rats
of the different ages tested, the treatment with ebur-
namonine induced a decrease in glucose concomitant
with a moderate increase in lactate. The glutamine
cortical concentrations were increased by ebur-
namonine in both “adult™ and “mature” animals, the
amino acid concentration being unaffected in older
brains. The agent induced an increase in ATP cer-
ebral concentrations in the rats of the different ages
tested. while the increase in the energy charge poten-
tial was induced in “adult™ and “mature™ but not in
“senescent” animals.

In comparison with saline-treated rats of the dif-
ferent ages tested, during the posthypoglycemic
recovery there was a decrease of cortical glucose
and pyruvate concentrations after the treatment with
raubasine in “adult™ and “mature” but not in “sen-
escent” animals. Furthermore, in raubasine-treated
rats of the ages tested there was a tendency towards
the decrease of the cortical concentrations of glu-
tamate. In comparison with saline-treated post-
hypogiycemic animals. almitrine was ineffective on
cortical metabolites in “adult™ rats. while in “sen-
escent” rats the substance decreased both the glucose
and lactate concentrations, and induced an increase
in glutamine concomitant with a decrease of
ammonia.

In the posthypoglycemic rats piracetam induced:
(a) a further increase of alanine above values of
saline-treated posthypoglycemic animals of all the
ages tested; (b) an increase of aspartate in “adult”
and “mature” but not in “senescent” rats: (c) a
decrease of glutamate in “adult” animals only. After
piracetam treatment. ATP increased above while
ADP cortical concentrations decreased below the
values of saline-treated rats of the different ages
tested.

DISCUSSION

In the cerebral cortex of rats of the different
ages tested, severe hvpoglycemia induces a similar
marked reduction in ATP and creatine phosphate
associated with increase in both ADP and AMP.
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Furthermore. the cerebral cortical stores of glveogen
and glucose are almost depleted with an extensive
decrease in cerebral pyvruvate and lactate. Severe
hypoglvcemia induces a marked derangement on the
cortical free amino acids: decrease of glutamate.
glutamine. alanine and gamma-aminobutyrate con-
comitant with increase of aspartate and ammonia.
The decrease of alanine may be related to the fall
in pyruvate available for the reaction catalysed by
alanine aminotransferase. The increase in aspartate
may be related to the fall in pyruvate available for
acetyl-CoA production and therefore for the syn-
thesis of citrate. with accumulation of oxaloacetate
[9. 10]. This event shifts the transamination reaction
catalysed by aspartate aminotransferase to the for-
mation of aspartate. The accumulation of ammonia
could be explained by catabolism of adenine nucleo-
tides. oxidation of glutamate, and decreased syn-
thesis of glutamine because of ATP depletion. In
any case, the alterations on the cortical metabolites
tested are similar in the brains from animals of dif-
ferent ages. Therefore. aging does not seem to affect
the type and extent of the cerebral biochemical de-
rangement caused by severe hypoglycemia.

Really. the present results indicate lower res-
titution of cortical metabolite concentrations in the
recovery period after extensive glucose deprivation
in older rats. In these animals the incomplete res-
titution of cerebral energy state is evident from the
labile phosphates evaluation and from the fact that
lower activity occurred of ATP-requiring reactions
(e.g. glycogen and glutamine resynthesis). In fact.
after 20 min of recovery in “adult™ rats the creatine
phosphate cortical concentration is close to normal,
while the ATP concentration and the adenine nucleo-
tide pool size remain still reduced, aging increasing
this lingering alteration. The event could be also
related to the resynthesis of nucleotides occurring by
de novo synthesis or by salvage pathway. However.
this interpretation could be hampered by the fact
that (a) the de novo synthesis is a very slow process
[16] and (b) there is no evidence that the adenine
nucleotide pool size increased above hvpoglycemia
during the recovery period in “adult™ or “maturc™
rats. even if this behaviour is evident tor ATP. There-
fore. a more likely explanation may be related to
a faster purine catabolism or to the fact that the
breakdown products (i.c. IMP. inosine and adeno-
sine) accumulated during hvpoglycemia are con-
verted to AMP and GMP in the posthvpoglycemic
period by an age-dependent mechanism.

The quoted reduction in both ATP and adenine
nucleotide pool size does not reflect an age-depen-
dent irreversible bioenergetic state. In fact. di-
hydroergocristine (alpha-blocking ergot alkaloid
increasing the CMR glucose and oxvgen). ebur-
namonine (Vinca minor alkaloid increasing the oxy-
gen availability and the CMR glucose and oxvgen)
and piracetam (nootropic drug enhancing both cer-
ebral molecular cell function and microcirculation)
induce a greater increase of ATP cortical con-
centrations. By some agents (e.g. dihvdroergo-
cristine), this event is consistent with an activation
of the creatine kinase reaction induced by the higher
concentration of cerebral lactate. and resulting in a
decrease of the creatine phosphate. The interference
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with the labile phosphates can be concomitant with
an interference on amino acid (e.g. by piracetam) or
on carbohydrate metabolism (e.g by dihydroer-
gocristine and eburnamonine). On the other hand,
the interference on carbohydrate and amino acid
metabolism may be independent of interference on
the energy state (e.g. by raubasine, a tranquilizer
and antihypertensive alkaloid from Rauwolfia
serpentina).

During the posthypoglycemic recovery, in the cor-
tical cortex of saline-treated “adult” animals glu-
tamate, aspartate and gamma-aminobutyrate tend to
normal values, while in older rats there is a markedly
lower normalization of the above-quoted amino acids
and of glutamine. As a result, the free amino acid
pool remains largely more reduced in older brains.
Some agents (e.g. eburnamonine and almitrine)
induce an increase of glutamine cortical con-
centrations, sometimes associated with a decrease of
ammonia content (e.g. by almitrine). The event may
be present only in “adult” and “mature” treated rats
(e.g. by eburnamonine) or only in older treated
rats (e.g. by almitrine). Probably, this behaviour is
related to the power of the agent to enhance the
oxygen availability for tissues [17-19], resulting in
an interference on the oxidative metabolism in the
older brains.

An influence on the transamination processes may
be supported by some agents (e.g. by piracetam)
resulting in an increase of alanine and aspartate
cortical concentrations. The higher values of alanine
may be related to an interference on the trans-
amination reaction catalysed by alanine amino-
transferase, occurred in the presence of a large pyru-
vate availability. The higher values of aspartate may
be related to the lingering activation of trans-
amination reaction catalysed by aspartate amino-
transferase, occurred independently of the glutamate
availability. In fact, the changes on transamination
reactions may be unrelated to the changes in glu-
tamate concentrations because: (a) in piracetam-
treated rats the decrease in the quoted amino acid
was present in “adult” rats, while the increase in both
alanine and aspartate was also present in “senescent”
and/or “mature” rats; (b) in raubasine-treated rats
of the different ages tested, the decrease in glutamate
unaffected aspartate and alanine cortical con-
centrations.

In conclusion, the present results show also in
older animals an influence of the exogenous treat-
ments on cerebral carbohydrates, amino acids and
energy mediators. However, the more limited effects
of the tested agents, which decrease with aging,
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suggests a narrower interference with the mech-
anisms which underlie the aging. Furthermore, the
metabolic intervention only in older brains of an
agent increasing the oxygen partial pressure suggests
that the cerebral oxygen availability could be
decreased as function of aging.
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