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Behavioural and biochemical effects
of acute central metabolic inhibition:
effects of acetyl-1-carnitine
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In the present study we evaluated a new method to assess the behavioural and biochemical effects of a brief period of acute
hypoxia in the brain. In this method, cyanide is injected into the lateral ventricles. Spatial navigation performance in a Morris
task was found to be impaired 1 and 5 min after an i.c.v. injection of 5.0 ug cyanide but not after 2.5 ug cyanide. Increased rate
of phosphatidic acid formation, reflecting increased phospholipasc C activity, were observed after injection of 5.0 ug cyanide,
indicating that energy-dependent phosphoinositide metabolism was affected. Chronic trcatment with acctyl-l-carnitine attenu-
ated the cyanide-induced behavioural dcficit, but had no cffect on energy-dependent phophoinositide metabolism. The results
suggest that, in this modecl, acetyl-l-carnitine may act via free fatty acid metabolism, by increasing the reservoir of activated acyl
groups which are involved in the reacylation of membranc phospholipids.

Actyl-l-carnitine; Histotoxic hypoxia; Cyanide; Spatial learning; Phosphoinositide metabolism

1. Introduction

There are many substances and methods which can
influence brain function by changing biochemical pro-
cesses involved in the energy metabolism of the brain
(Auer et al., 1984; Baughman et al., 1990; Crane et al.,
1978; De Ryck, 1990; Hoyer and Krier, 1986; MacM.il-
lan, 1989). Models in which the energy status of the
brain is affected are used to evaluate drugs which are
thought to have neuroprotective properties. These
drugs reverse the development of abnormalities and /or
behavioural deficits after a period of metabolic inhibi-
tion. However, these models do not allow interpreta-
tion of the acute behavioural effects of central
metabolic inhibition, as the methods used to affect the
energy metabolism of the brain also affect peripheral
systems. Consequently, the behavioural effects ob-
served can be explained by both central and peripheral
mechanisms. For instance, Gibson and co-workers
(1983) evaluated the behavioural effects of nitrite-in-
duced hypoxia; however, interpretation of the be-
havioural data in terms of central effects was compli-
cated by a nitrite-induced decrease in motor function

Correspondence to: J. Bothmer, Department of Neuropsychology
and Psychobiology, University of Limburg, P.O. Box 616, NL-6200
MD Maastricht, Netherlands. Tel. (31) 43 88 10 41, fax (31) 43 67 10
96.

(Behroozi et al., 1972). To date, the acute effects of
central anoxia/hypoxia have only been assessed in
pathological or biochemical studies in which neuronal
damage or biochemical markers were evaluated, re-
spectively (Auer et al., 1984; Peruche et al., 1990).

In the present study we developed a method by
which behaviour (escape performance in a Morris wa-
ter task) can be assessed during a period of acute
metabolic inhibition without peripheral systems being
affected. Cyanide (NaCN) is injected directly into the
lateral ventricles of rats and a well-learnt behaviour is
monitored during the period that cyanide has its effect
on biochemical processes in the brain. We injected
cyanide into the lateral ventricles so that cyanide would
probably affect hippocampal function, which is known
to be critically involved in the performance of the
Morris task (Morris et al., 1990). Cyanide blocks the
use of O, by mitochondria and consequently induces
hypoxia, i.e., histotoxic hypoxia (MacMillan, 1989).
Cyanide does not cause neuronal damage per se
(Brierly et al., 1976), and low doses of cyanide are
converted within minutes by mitochondrial sulphur
transferase into non-toxic sulphur cyanide (Hathway,
1984).

To evaluate the neurochemical effects of treatment
with cyanide, we assessed three steps in the metabolism
of phosphoinositides, which are known to be highly
dependent on the energy state of neurons. In addition,
the pathways of phosphoinositide metabolism are po-
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tential targets for neurotoxic agents (Costa, 1990).
Phosphoinositide metabolism is essential for cell func-
tioning as it is involved in neurochemical processes
related to neurotransmission (Abdel-Latif, 1986;
Berridge, 1987). In these processes, phosphatidylinosi-
tol 4,5-biphosphate (PIP,) is hydrolysed by phospholi-
pasc C into the second messengers, inositol triphos-
phate and diacylglycerol (Akhtar and Abdel-Latif,
1980), followed by rapid phosphorylation of diacylglyc-
erol into phosphatidic acid. The latter phosphorylation
reaction and the two-step phosphorylation of phos-
phatidylinositol, by which PIP, is synthesized, take
place on the plasma membrane and are highly energy
dependent.

Acctyl-l-carnitine, a nootropic drug, has been re-
ported to improve cognitive function in aged rats
(Barnes et al., 1990; Caprioli et al., 1990; Ghirardi et
al.,, 1988). Biochemically, acetyl-lI-carnitine acts as a
carrier of fatty acids across the inner mitochondrial
membrane for their subsequent pB-oxidation (Fritz,
1963). It has been found that acetyl-lI-carnitine in-
creases the metabolic rate of mitochondria, improving
the mitochondrial utilization of oxygen (Bellei et al.,
1989; Siliprandi et al., 1965). Acetyl-l-carnitine also
enhances the utilization of alternative energy sources
(Aureli et al., 1990), and may thereby attenuate the
modifications of neuronal membranes associated with
aging (Schoeder, 1984). Gibson and Peterson (1981)
reported that the age-related decrease in glucose uti-
lization may causc a decrease in oxidative metabolism
and in the release and synthesis of acetylcholine. Since
acetyl-l-carnitine may enhance the utilization of mito-
chondrial oxygen and alternative energy sources (Aureli
et al., 1990), acetyl-l-carnitine could compensate for
the decrease in glucose utilization that occurs during
aging and consequently preserve neuronal function.
The assumed cnergy-enhancing properties of acetyl-l-
carnitine can be tested in a model in which the energy
status of the brain is lowcred experimentally.

In this study we evaluated the effects of an i.c.v.
injection of cyanide on escape behaviour in the Morris
task and on phosphoinositide metabolism. We hypoth-
esized that chronic treatment with acetyl-I-carnitine
would enhance the availability of alternative energy
sources in neurons during hypoxia and consequently
attenuate the effects of cyanide on behaviour and
neuronal function.

2. Materials and methods

2.1. Animals

We used male Lewis rats from two shipments. The
first shipment consisted of 15 3-month-old rats which

were divided into two groups at random (control, n = 7;
ALCAR, n = 8). The second shipment consisted of 12
3-month-old rats which were also divided into two
groups at random (control, n = 6; ALCAR, n = 6). All
rats were housed individually in standard Makrolon
cages on sawdust bedding in an air-conditioned room
(about 20°C). They were kept under a 12/12 h light-
dark cycle (lights on from 9:00 to 21:00).

2.2. Treatment

Acetyl-l-carnitine treatment was started two weeks
before the rats acquired the Morris task. The ALCAR
group was given 75 mg acetyl-l-carnitine /kg per day;
the drug was dissolved in a 0.1% solution of saccharine
(approximately 10 ml). The control group received a
comparable amount (10 ml) of saccharine solution. The
solution was given in the morning in drinking tubes
next to the standard drinking water. All rats drank the
solution within 10 min.

One week after the start of the acetyl-l-carnitine
treatment, the rats were anaesthetized with pentobar-
bital (60 mg/kg i.p.) and bilateral stainless steel cannu-
las (outer and inner diameter 0.65 and 0.30 mm, re-
spectively) were implanted above the lateral ventricles.
The cannulas were fixed to the skull with acrylic dental
cement (Paladur). The coordinates for injection were:
—0.08 mm anterior, 1.5 mm lateral and —3.8 mm
ventral from the bregma (Paxinos and Watson, 1986).

2.3. Behavioural procedures

2.3.1. Spatial discrimination learning

One week after surgery, the rats were trained on the
standard Morris spatial navigation task (Morris, 1981)
in a black water-tank (diameter of 1.22 m). The rats
were started from four different, randomly chosen,
start positions and trained to find an invisible platform
(diameter 11 cm) that was at a fixed position in the
water tank, 1 cm below the surface of the water. The
temperature of the water was 20-22°C. A trial lasted
until a rat had found the platform or until 60 s had
elapsed. If a rat did not find the platform within 60 s, it
was placed on the platform for 3 s and then removed
from the water tank. On the first day the rats were
given four trials. The rats were given eight trials on
consecutive days until the rats had attained an asymp-
totic performance.

2.3.2. Effects of NaCN injections

After the rats had attained an asymptotic perfor-
mance, the effects of NaCN injections were evaluated.
On day one, the rats received four trials and were then
injected with cyanide (2.5 g /2.5 ul per injection site).
The rats were given four additional trials, 1, 5, 10 and
15 min after the cyanide injection. The four possible



start positions were balanced per group during each
post-injection trial. On day three, the rats underwent
the same procedure as on day one, but now a dose of
5.0 ug cyanide /2.5 ul per injection site was adminis-
tered. The same procedure was repeated one week
later for both doses.

2.4. Biochemical procedures

2.4.1. Treatment

Twelve animals were randomly selected from the
control and ALCAR groups (three from each ship-
ment) and divided into four groups: control (n = 6),
control /cyanide (n=6), ALCAR (n=6) and AL-
CAR /cyanide (n = 6). The two cyanide-treated groups
received an injection of cyanide (5 ng) as described for
the behavioural experiment. The control groups re-
ceived an injection of saline. The rats were decapitated
1 min after the injection.

2.4.2. Brain dissection

After decapitation, the head was immediatly im-
mersed in liquid nitrogen for 8 s. All subsequent opera-
tions were performed at 0-4°C. The brain was taken
out of the skull and the hippocampus was rapidly
dissected bilaterally.

2.4.3. Subcellular fractionation

Tissue from individual rats was homogenized in
homogenization medium (0.32 M sucrose, 1 mM EDTA,
10 mM Tris-HCI pH 7.4) in a total volume 10 times the
hippocampus tissue volume by 10 up-and-down strokes
of a Potter-Elvehjem Teflon-glass homogenizer. The
homogenate was centrifuged for 10 min at 1000 X g.
After centrifugation of the supernatant at 10000 X g
for 10 min, the resulting crude mitochondrial-synapto-
somal pellet (P,) was subjected to osmotic lysis by
resuspending the pellet in 10 volumes aqua bidest and
stirring it for 20 min at 4°C. This suspension was
centrifuged for 20 min at 10000 X g to remove unlysed
structures. The 10000 X g supernatant of the lysed P,
fraction was taken as the enzyme/endogenous sub-
strate fraction. This fraction was frozen in 1-ml aliquots
and stored at —80°C. There is no decline in enzyme
activity after at least 1 month of storage (Bothmer et
al., 1990).

2.4.4. Endogenous phosphatidylinositol, phosphatidyli-
nositol monophosphate and diacylglycerol phosphoryla-
tion assays

Endogenous phosphorylating activity was assayed
under the following conditions: 7.5 uM ATP 2-3 uCi
[y-*?PJATP (approximately 3000 Ci/mmol, Amersham
U.K.), 50 mM Na-acetate, 10 mM Mg-acetate, pH 6.5
and 15 ul enzyme fraction (10 ug protein) in a final
volume of 25 ul at 30°C (Bothmer et al., 1990). The
samples were pre-incubated for 5 min and the incuba-
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tion was stopped after 10 s by the addition of 2 ml
ice-cold chloroform:methanol:12 N HCI (200:100:
0.75, by volume).

2.4.5. Lipid extraction, thin-layer chromatography and
determination of radioactivity

Lipid extraction and thin-layer chromatography
(TLC) were performed as described by Jolles et al.
(1981). P incorporation into phosphatidylinositol
monophosphate (PIP), PIP, and phosphatidic acid was
determined by liquid scintillation counting. Two hun-
dred microlitres of water was added to the scraped
silica portions, followed by 3.8 ml of scintillation fluid.
(Ready Safe, Beckman.) Radioactivity was counted in a
scintillation spectrometer (Beckman LS 1801) with an
efficiency of 100%.

2.5. Statistical analysis

2.5.1. Shipment effects

Shipment effects for young subjects were analysed in
a two-factorial analysis of variance (shipment and
group). The behavioural measures for animals from
both shipments were the same (for acquisition training
and cyanide sessions: all P values > 0.10 for F values
involving main effect and interactions with shipment).
Thus the second shipment can be considered as a
duplicate of the first one, and therefore data from both
shipments were pooled.

2.5.2. Spatial discrimination learning

Escape latencies were analysed per trial block of
four trials. Differences in escape performance over
trial blocks were analysed in a two-factorial (treatment
and trial block) analysis of variance with repeated
measures over trial blocks.

2.5.3. Effects of cyanide injections.

The mean escape latencies of the preinjection trials
were averaged and taken as baseline performance for
each rat. In order to evaluate whether cyanide treat-
ment affected the performance of the rats, the escape
latency during the trials after the animals had received
cyanide was compared with the baseline latency by
using t-statistics. The mean escape latency of the ses-
sions 1, 5 and 10 min after injection was calculated for
each dose of cyanide. For each dose of cyanide, the
effects of acetyl-I-carnitine treatment on escape latency
1, 5 and 10 min after the cyanide injections were also
analysed in a two-factorial (treatment and minutes)
analysis of variance with repeated measures over time
(min).

2.5.4. Effects of cyanide and acetyl-I-carnitine on phos-
phoinositide metabolism

The effects of cyanide and acetyl-l-carnitine on
phosphoinositide metabolism were evaluated in a two-
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factorial (cyanide and acetyl-l-carnitine) analysis of
variance. The performance of one control rat from the
first shipment was not affected by cyanide injections,
and data from this rat were excluded from the statisti-
cal analysis. The lack of effect is suggestive of an
incorrect cannula placement.

3. Results

3.1. Spatial discrimination learning

Chronic treatment with ALCAR did not affect spa-
tial discrimination learning (F values <1, n.s.).

3.2. Effects of NaCN injections

3.2.1. Spatial discrimination performance

The acetyl-l-carnitine-treated rats did not differ from
the control rats (t values < 1.7, n.s.) in the four trials
given before the injection of cyanide.

3.2.2. Dose 2.5 ng

The performance of the rats was not affected after
injection of 2.5 ug cyanide. (t values < 1.9, n.s.) and
did not change during subsequent trials (minutes ef-
fect: F(2,48) < 1, n.s.; see fig. 1). There was only weak
statistical evidence to indicate that the performance of
the control rats deviated from baseline performance
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Fig. 1. Mean escape latency (in s+ S.E.M.) of control and acetyl-l-
carnitine-treated rats during the four pre- and post-injection (cyanide,
2.5 ug) trials (1, 5, 10 and 15 min) in the Morris water escape task.
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Fig. 2. Mean escape latency (in s +S.E.M.) of control and acetyl-I-

carnitine-treated rats during the four pre- and post-injection (cyanide,
5.0 wg) trials (1, 5, 10 and 15 min) in the Morris water escape task.

during the first trial, i.e., 1 min after injection (t(11) =
1.94, 0.10 > P > 0.05).

3.2.3. Dose 5.0 ug

After 5.0 ug cyanide, the escape latencies of the
control and acetyl-l-carnitine-treated rats deviated from
baseline performance during the first two trials after
injection, i.c., 1 and 5 min after cyanide injection (t
values > 2.27, P <0.05; see fig. 2). During the first
trial, 1 min after injection, the increase in escape
latency of the rats treated with acetyl-l-carnitine was
less than that of the control rats (t(24) = 2.16, p < 0.05).
The escape latency decreased during the first three
trials after the injection (minute effect: F(2,48) = 8.09,
P < 0.01). The escape latency of the control rats during
these trials was higher than the escape latency of the
acetyl-l-carnitine-treated rats (general mean: F(1,24) =
5.34, P < 0.05).

3.3. Phosphoinositide metabolism

The effects of cyanide injection (dose 5.0 pg) in vivo
on phospholipid phosphorylation activities in vitro with
endogeneous phosphatidylinositol, PIP and diacylglyc-
erol as substrate are shown in fig. 3. The rate of
phosphatidic acid formation was 30% higher in the
cyanide-treated rats than in the rats injected with saline
(cyanide effect: F(1,20) = 16.36, P < 0.01). The rates of
PIP and PIP, formation were not affected (F values < 1,
n.s.). Chronic treatment with acetyl-l-carnitine did not



PIP PIP2
251 151

201

1.0f

051

0.5f

P incorporation (pmol/mg protein)

%
g
/
-

279

PA .
6r . - NaCN
O +NaCN

0.0 0.0

OON ALCAR CON

ALCAR OON ALCAR

Fig. 3. Effect of i.c.v. cyanide injection (5 wg) on phosphate incorporation into phosphatidylinositol phosphate (PIP), phosphatidylinositol
bisphosphate (PIP2) and phosphatidic acid (PA) in a lysed P, fraction prepared from the hippocampus of control and acetyl-l-carnitine-treated

affect the cyanide-induced change in phosphatidic acid
formation (acetyl-l-carnitine effect: F(1,20) = 1.06, n.s.).

4. Discussion

The performance of the rats in the Morris water
task was not consistently affected after an i.c.v. injec-
tion of 2.5 ug cyanide. Apparently, this dose of cyanide
was too low to affect spatial navigation behaviour in
rats. However, a dose of 5.0 ug cyanide disrupted the
performance of the rats 1 and 5 min after injection. It
has been reported that if sulphur transferase is present
in adequate amounts, cyanide is detoxified in approxi-
mately 15 min (Hathway, 1984). The duration of the
behavioural effects of cyanide in the present study was
thus comparable to the duration of the metabolic
breakdown of the substance.

In a study in which the cffects of a systemic injection
of cyanide were evaluated in a swimming task with
guinea-pigs, it was suggested that cyanide could affect
cognitive function (D’Mello, 1986). This suggestion is
supported by the finding that the brain is the primary
target for cyanide (Way, 1984). In the present experi-
ment we injected cyanide directly into the ventricles. It
is well known that the hippocampus is a target struc-
ture for drugs that are injected i.c.v. Since disruption
of hippocampal function is known to result in naviga-
tional impairments in the Morris task (Morris et al.,
1990), we tentatively conclude that the cyanide-induced
inhibition of metabolism caused the navigational im-
pairment.

We measured three energy-dependent steps in the
metabolism of phosphoinositides as a neurochemical
parameter for cell functioning after cyanide (dose 5.0
w1 g) treatment. Acute (1 min) cyanide-induced metabol-

ic inhibition resulted in an increased rate of phospha-
tidic acid formation in vitro, which probably reflects an
increased phospholipase C activity in vivo. The con-
tents of PIP and PIP, decrease rapidly within a few
minutes of death, followed by an increase in the con-
tent of diacylglycerol (Ikeda et al., 1986; Abe et al.,
1987). Phospholipase C is responsible for the hydrolysis
of polyphosphoinositides, resulting in the release of
inositol phosphates and diacylglycerol, the latter being
a substrate for phosphatidic acid formation (Abdel-
Latif, 1986; Berridge, 1987). The higher rate of phos-
phatidic acid formation in vitro in our assay system
after energy depletion in vivo is therefore probably due
to an increased activity of phospholipase C. The ele-
vated levels of inositol phosphates and diacylglycerol
will result in increased protein kinase activities and a
change in cellular responses (Berridge, 1987). Hydroly-
sis of PIP, however, would result in a decreased rate of
PIP, formation (Bothmer et al., submitted). Because
this was not the case, we conclude that the increased
phospholipase C activity after acute cyanide-induced
energy depletion is only directed against PIP, and not
against PIP. According to Ikeda et al. (1986), the
concentration of phosphatidylinositol does not change
after decapitation, which is a very drastic but simple
model of brain ischaemia. This could explain the unal-
tered formation of PIP (out of phosphatidylinositol) in
our assay system after energy depletion in vivo.
Chronic treatment with acetyl-l-carnitine was found
to attenuate the cyanide-induced (dose 5.0 pg) be-
havioural deficit. This finding suggests that chronic
trcatment with acetyl-lI-carnitine preserves neuronal
function during a period of metabolic inhibition. A
possible mechanism of action of acetyl-l-carnitine could
be to enhance the utilization of alternative energy
sources (lipid substrates and ketone bodies) during the
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hypoxic period (Aureli et al., 1990), thereby preserving
neuronal function. This notion is supported by the
results of a study in which the protective effect of
l-carnitine in ammonia intoxication was evaluated
(Ohtsuka and Griffith, 1991). It was suggested that
l-carnitine could act by increasing the hepatic produc-
tion of ketonc bodies and thereby sustain energy needs
during ammonia intoxication. Another, and more likely,
explanation for the protective effect is that l-carnitine
could have diminished the accumulation of membrane-
damaging and enzyme-inhibiting fatty acyl-CoAs, by
shifting the equilibrium for carnitine palmitoyltrans-
ferase towards acyl-l-carnitines.

Chronic treatment with acetyl-lI-carnitine did not
attenuatc the cffect of cyanide on phosphoinositide
metabolism. This indicates that the increased phospho-
lipase C activity observed during an acute energy short-
age in the rat brain is not primarily related to the
cyanide-induced behavioural deficit. In addition, this
finding suggests that the possible energy-enhancing
property of acetyl-l-carnitine does not affect the highly
energy-dependent metabolism of phosphatidylinositol
in this model. We therefore assume that it is unlikely
that acetyl-l-carnitine acted by increasing energy
metabolism in the brain in this model. Besides the
accumulation of diacylglycerol, free fatty acids also
appear to accumulate in the rat brain during an acute
energy shortage (lkeda et al., 1986). It was found
recently that acetyl-l-carnitine could serve as a reser-
voir of activated acyl groups, which are involved in the
reacylation of membrane phospholipids via the enzyme
carnitine acyltransferase (Arduini et al., 1992). Thus,
acetyl-l-carnitine could preserve neuronal function dur-
ing an acutc and short-lasting period of hypoxia by
increasing the utilization of fatty acids as acylated
derivatives by increasing the reservoir of activated
acyl-groups. Such a mechanism of action is supported
by the results of the study of Ohtsuka and Griffith
(1991, see above).

In conclusion, the model developed in the present
study allows the assessment of behaviour during a
period of acute central histotoxic hypoxia. Treatment
with cyanide disrupted the swimming behaviour of
young rats for about 5 min post-injection; thereafter,
the effects were no longer measurable. This be-
havioural deficit could be explained by a disturbed
hippocampal phosphoinositide metabolism, as phos-
pholipase C activity in the hippocampus was increased
1 min after injection of cyanide. Acetyl-l-carnitine, a
nootropic drug, reversed the behavioural deficit but
not the biochemical effect of hypoxia. This dissociation
between behavioural and biochemical effects suggests
that acetyl-l-carnitine probably enhances the metabol-
ism of free fatty acids and thereby preserves neuronal
function during a period of acute hypoxia. The model
presented here can be used to study the acute effects

(behavioural and biochemical) of drugs that are as-
sumed to preserve neuronal function during energy low
states.
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