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Action of L-Acetylcarnitine on Different Cerebral 
Mitochondrial Populations from Hippocampus and 
Striatum During Aging 
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The maximum rates (Vm~x) of some mitochondrial enzyme activities related to energy transduction 
(citrate synthase, malate dehydrogenase, NADH cytochrome c reductase, cytochrome oxidase) and 
amino acid metabolism (glutamate dehydrogenase) were evaluated in non-synaptic (free) and syn- 
aptic mitochondria from rat hippocampus and striatum. Three types of mitochondria were isolated 
from control rats aged 4, 8, 12, 16, 20 and 24 months and treated ones with L-acetylcarnitine (100 
mg-kg -~, i.p., 60 rain). Enzyme activities of non-synaptic and synaptic mitochondria are different 
in hippocampus and striatum, confirming that a different metabolic machinery exists in various 
types of brain mitochondria. During aging, enzyme activities behave quite similarly in both areas. 
In vivo administration of L-acetylcarnitine decreased the enzyme activities related to Krebs' cycle 
mainly of synaptic mitochondria, suggesting a specific subcellular trigger site of action. The drug 
increased cytochrome oxidase activity of synaptic and non-synaptic mitochondria, indicating the 
specificity of molecular interaction with this enzyme. 
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INTRODUCTION 

Carnitine and/or its esters are the requisite carriers 
for most of the transmembrane movements of long chain 
fatty acids. The rate of cerebral long-chain fatty acid 
oxidation is enhanced when carnitine is added to brain 
homogenates (1); cerebral mitochondria oxidize acetyl- 
carnitine at rates comparable to other tissues (2, 3), the 
acetyltransferase activity being present also in the ner- 
vous tissue (4). 

Pronounced changes in the tissue contents of car- 
nitine and its esters occur in response to a variety of 
alterations in the metabolic state, especially at mito- 
chondrial level in normal, pathological and aged brain 
(5-16). 
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During posthypoglycemic recovery following se- 
vere hypoglycemia with isoelectric EEG (17, 18), L- 
acetylcarnitine increases the reduction in the individual 
and total phospholipids and fatty acids, concomitant with 
a reduction of the glycolytic flux by the activity of mi- 
tochondrial carnitine acetyltransferases and the operation 
of a translocase system (12, 15, 19). 

These data contribute to the understanding of the 
action of L-acetylcarnitine at cerebral level. However, 
the evidence exists for a direct action of L-acetylcarnitine 
after in vivo administration on the mitochondrial enzyme 
activities related to energy transduction, but only at se- 
lected ages (20). Acute and sub-chronic treatment with 
various doses of L-acetylcarnitine decreases citrate syn- 
thase and glutamate dehydrogenase activities on mito- 
chondria obtained from hippocampus synaptosomes of 8 
and 16 weeks-old animals. 

Therefore, the aim of the present research was to 
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study the effect of  acute in vivo treatment with L-ace- 
tylcarnitine on the maximum rate of  some representative 
cerebral enzymes of  the tricarboxylic acid cycle, of  the 
electron transfer chain and of  the glutamate metabolism 
during aging, extending the observations to the 4-24 month 
life-span of  rats. 

Because of the heterogeneity of  brain mitochondria 
(20,21,28), these enzyme activities were evaluated in 
three different mitochondrial populations: (a) non-syn- 
aptic mitochondria, namely the population from the per- 
ikaryon of  the neural cells; (b) synaptic mitochondria, 
namely the two populations obtained by lysis from the 
synaptosomes, (c) of  the hippocampus and striatum be- 
cause of the well-known vulnerability to aging of  these 
areas and the effect of L-acetylcarnitine on the hippo- 
campus (20). 

E X P E R I M E N T A L  P R O C E D U R E  

Animal Care and Treatments. The experiments were performed 
on female Sprague-Dawley rats (Cobs-Charles River) aged 4, 8, 12, 
16, 20, and 24 months. The animals were selected randomly, kept 
from birth under standard cycling and caging conditions (temperature: 
22 - 1 ~ relative humidity 60 -+ 3%; lighting cycle: 12 hr light 
and 12 hr darkness; low noise disturbance), fed with a standard pellet 
diet and water ad libitum and housed three, and subsequently two, per 
cage. The time course of pharmacological treatment was established 
by permutation tables. 

The animals were treated with intraperitoneal injections of: (a) 
vehicle only (NaHCOa 0.8-1.0 M; control animals); (b) single dose 
of 100 mg.kg -1 of L-acetylcarnitine (acute treatment). The substance 
was injected at 9:00 a.m. and the 24 hr fasted animals were sacrificed 
60 min after dosing (10:00 a.m.). 

Preparation of Synaptic (Free) and Non-Synaptic (Two Types) 
Mitochondria. Non-synaptic and synaptic (two types) mitochondria 
were prepared from hippocampus and striatum by an adaptation to 
single animals (20) of the basic method of Lai et al. (21). The female 
rats aged 4 to 24 months of various experimental lots were killed by 
decapitation and all the subsequent procedures were performed at 0-- 
4~ 

Hippocampus and striatum were isolated (<25 sec) in a refrig- 
erated box at 0-4~ and immediately placed in an isolation medium 
(0.32 M sucrose, 1.0 mM EDTA-K § 10 mM Tris-HC1; pH 7.4). 
Briefly, the homogenate in the isolation medium was obtained (usually 
5 ml final volume) by a Teflon-glass homogenizer (Braun S Homog- 
enizer) and then centrifuged as previously described in details (20). 
The "crude" mitochondrial pellet containing synaptosomes was re- 
suspended and placed on a discontinuous Ficoll-sucrose gradient and 
centrifuged as described previously (20,21) in a OTD-65B Sorvall 
Ultracentrifuge equipped with an AH-650 type rotor. The myelin frac- 
tion was sucked off by aspiration, and the purified mitochondrial pellet 
was resuspended in the isolation medium. 

The synaptosomal pellet previously isolated from the Ficoll-su- 
crose gradient was lysed by resuspension in 5 ml of 6 mM Tris-HC1, 
pH 8.1 medium and the lysate was then centrifuged; the pellet obtained 
from lysed synaptosomes was resuspended in 0.6 ml (final volume) 
and was layered on a Ficoll discontinuous gradient consisting of two 

layers and centrifuged as described (20,21). At the end of this centri- 
fugation, the upper phase contains the "light mitochondrial fraction" 
and the pellet the "heavy mitochondrial fraction". The washed pellets 
were finally resuspended in a small volume (usually 0.4 ml) of the 
isolation medium. 

Enzyme Assays. On the different subcellular fractions, the max- 
imum rates of the following enzyme activities were evaluated: citrate 
synthase (citrate oxaloacetate-lyase, EC 4.1.3.7) (22); malate dehy- 
drogenase (L-malate:NAD § oxidoreductase, EC 1.1.1.37) (23); total 
NADH-cytochrome c reductase (NADH-cytochrome c oxidoreductase, 
EC 1.6.99.3)(24); cytochrome oxidase (ferrocytochrome c:oxygen ox- 
idoreductase, EC 1.9.3.1) (25,26); glutamate dehydrogenase (L-glu- 
tamate: NAD+ oxidoreductase deaminating, EC 1.4.1.3) (22). Protein 
concentration of samples was assayed according to Lowry et al. (27). 

Enzyme Activity Calculation and Statistical Analysis. Enzyme ac- 
tivities were measured by graphic recordings for at least 3 rain in a 
double beam recorder spectrophotometer (Perkin-Elmer, 544) and each 
value was calculated from two blind determination on the same sample. 
The enzyme specific activity was expressed as: ~moles of substrate 
transformed x rain -1 x (rag of mitochondrial protein) -1. 

The ANOVA test was used to evaluate the interactions between 
vehicle- and L-acetylcamitine- treated rats, at each individual treatment 
time, for each fraction tested and for each individual enzyme activity. 
Homogeneity of variance was checked by Bartlett's test. 

RESULTS 

Enzyme activities of  mitochondrial fractions from 
control animals during aging are reported in Table I (hip- 
pocampus) and in Table II (striatum). Among the pos- 
sible statistical comparisons indicated in these Tables, 
only statistical significance versus 4 month values will 
be considered here. The complete discussion about the 
relationships between catalytic enzyme activities up to 
24 month of  age and their biological significance are 
intriguing and reported elsewhere (28,29). 

In general, these data indicate that in control ani- 
mals of  hippocampus: (a) at each age, the biochemical 
machinery is differently expressed in non-synaptic re- 
spect to synaptic light and heavy mitochondria; (b) the 
mitochondrial enzyme specific activities of  Krebs' cycle 
(citrate synthase, malate dehydrogenase), related en- 
zyme glutamate dehydrogenase and the electron transfer 
chain ones (NADH-cytochrome c reductase, cytochrome 
oxidase) progressively increase with advancing age up 
to 18 months; (c) the activities of the electron transfer 
chain enzymes decrease thereafter in non-synaptic and 
synaptic light mitochondria, showing a biphasic pattern 
of  activity; (d) in the heavy mitochondria, the Krebs' 
cycle enzymes have lower activities that in other types 
of  mitochondria at all the ages, being the lowest activity 
recorded at 12 months; (e) the synaptic light mitochon- 
dria possess the highest catalytic potentialities of citrate 
synthase, NADH-cytochrome c reductase and cyto- 
chrome oxidase. 
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Table I. Specific Enzyme Activities (l~Moles Substrate.Min-I.Mg of Protein -~) of Indicated Enzymes Assayed on "Free", 
"Light" and "Heavy" Mitochondrial Fractions from Rat Hippocampus of Control Animals Aged 4, 8, 12, 16, 20, and 24 

Months. 

"Free Mitochondrial Fraction" 

4 8 12 16 20 24 
EnzymeslAge in Months (a) (b) (c) (d) (e) (f) 

Citrate 0.060 0.078* 0.081"* 0.091"* 0.091"* 0.108"** 
Synthase • 0.005 0.006 0.004 0.008 0.007 0.009 

Malate 0.843 1.010" 1.114"** 1.256"** 1.305"** 1.394"* 
Dehydrogenase • 0.044 0.039 0.048 0.069 0.086 0.160 

NADH-cytochrome c 0.122 0.128 0.142"* 0.136 0.148"* 0.131 
Reductase (total) • 0.004 0.005 0.004 0.005 0.006 0.013 

Cytochrome 1.072 1.044 1.358 2.304*** 2.387*** 1.982"** 
Oxidase +- 0.127 0.079 0.136 0.232 0.184 0.082 

Glutamate 0.085 0.098 0.084 0.112" 0.119"* 0.107 
Dehydrogenase --- 0.007 0.006 0.007 0.007 0.006 0.012 

"Light Mitochondrial Fraction" 

Citrate 0.094w167167 0.109w167 0.128",w167 0.118 0.156"**w167167 0.246***w167167 
Synthase --- 0.005 0.006 0.013 0.012 0.011 0.032 

Malate 0.517w167167 0.601w167167 0.528w167167 0.665w167167 0.818"**w167167 1.059"** 
Dehydrogenase _ 0.029 0.041 0.053 0.065 0.035 0.085 

NADH-cytochrome c 0.172w167 0.162w167 0.179w 0.204w167167 0.210"w167167 0.178 
Reductase (total) • 0.008 0.011 0.015 0.017 0.010 0.012 

Cytochrome 3.678w 5.291"w167167 5.828"*,w167167 8.415"**,w167167 8.326***w167167 7.313"**w167167 
Oxidase • 0.447 0.509 0.468 0.615 0.319 0.680 

Glutamate 0.091 0.096 0.095 0.093 0.134"* 0.114 
Dehydrogenase • 0.006 0.007 0.008 0.011 0.013 0.015 

"Heavy Mitochondrial Fraction" 

Citrate 0.083w 0.057***,w167 0.046***w167167 0.069 0.062**w167 0.096o0 
Syathase - 0.004 0.004 000 0.004 000 0.00800 0.004000 0.007 

Malate 0.430w167167 0.323",w167167 0.244***w167167 0.382w167167 0.394w167167 0.468w167 
Dehydrogenase _+ 0.021o 0.017 000 0.024000 0.037000 0.027000 0.035000 

NADH-cytochrome c 0.093w167 0.058"**,w167167 0.046***w167167 0.062***w167167 0.062***w167167 0.067**w167 
Reduetase (total) • 0.004 ~ 0- 0.004 000 0.004 000 0.002 000 0.007 000 

.004 000 

Cytochrome 3.171w167 1.791",w 1.752"ooo 3.653w 3.105o00 2.268o00 
Oxidase + 0.472 0.237 00 0.231 0.431ooo 0.381 0.173 

Glutamate 0.087 0.054'*,w167167 0.039***w167167 0.067w167167 0.054**w167167 0.060w 
Dehydrogenase • 0.009 0.004 000 0.004 000 0.007oo 0.003 o00 0.008o 

Statistical analysis: ANOVA test of data expressed as mean -+ S.E.M. 
3 significance levels: P < 0.05: i symbol; P < 0.01:2 symbols; P < 0.001:3 symbols. 
Symbols of comparison: (a) versus (b)(c)(d)(e)(f):* 
Enzyme activities are different from the same of free mitochondria: w of light ones: o. 
Number of animals of each single fraction: 8-10. At 24 months n = 5. 

Thus these data are only in partial agreement with 
the observation that mitochondrial enzyme specific ac- 
tivities related to the Krebs' cycle and to the electron 
transfer chain are lower in synaptic mitochondria respect 
to the non-synaptic ones in cerebral cortex, striatum, and 
pons and medulla (30). In fact, these results confirm the 
existence of an intrinsic characterization between syn- 

aptic mitochondria themselves, i .e .  "heavy" v e r s u s  

"light" ones (20,28,29). 
Respect to hippocampus, specific enzyme activities 

of striatum are quantitatively different, while their pat- 
terns are qualitatively similar in the various types of 
mitochondria (Table II), with less striking differences of 
catalytic activities during aging (29). 
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Table II. Specific Enzyme Activities (tzMoles Substrate-Min-~-Mg of Protein -I) of Indicated Enzymes Assayed on "Free", 
"Light" and "Heavy" Mitochondrial Fractions from Rat Striatum of Control Animals Aged 4, 8, 12, 16, 20 and 24 Months. 

"Free Mitochondrial Fraction" 

4 8 12 16 20 24 
EnzymelAge in Months (g) (h) (i) (j) (k) (1) 

Citrate 0.078 0.073 0.081 0.104" 0.094* 0.117" 
Synthase 0.005 0.005 0.007 0.009 0.004 0.016 
Malate 1.016 1.013 1.179 1.259" 1.293" 1.409"* 
Dehydrogenase 0.062 0.045 0.048 0.058 0.067 0.112 
NADH-cytochrome c 0.126 0.106 0.124 0.142 0.136 0.129 
Reductase (total) 0.009 0.004 0.005 0.005 0.006 0.006 
Cytochrome 1.537 1.261 1.455 1.578 2.888"** 2.462"* 
Oxidase 0.187 0.103 0.134 0.133 0.279 0.141 
Glutamate 0.107 0.088 0.080* 0.113 0.118 0.112 
dehydrogenase 0.007 0.005 0.005 0.012 0.006 0.010 

"Light Mitochondrial Fraction" 

Citrate 0.080 0.107",w 0.089 0.091 0.111" 0.177"** 
Synthase 0.007 0.008 0.008 0.008 0.009 0.023 
Malate 0.449w167167 0.598**,w167167 0 . 4 3 7 w 1 6 7 1 6 7  0 . 6 0 2 * w 1 6 7 1 6 7  0.658**w167167 0.931"**w 
Dehydrogenase 0.029 0.022 0.041 0.065 0.058 0.027 
NADH-cytochrome c 0.143 0.150w167167 0.150 0.156 0.179"*w167 0.166w 
Reductase (total) 0.007 0.010 0.016 0.021 0.008 0.009 
Cytochrome 4.688w167167 5.293w167167 5.899w167167 9.663***w167167 10.085"**w167167 8.479**w167167 
Oxidase 0.435 0.489 0.649 0.658 0.689 0.667 
Glutamate 0.084w 0.095 0.072 0.080 0.104" 0.099 
Dehydrogenase 0.006 0.006 0.008 0.010 0.006 0.010 

"Heavy Mitochondrial Fraction" 

Citrate 0.059w 0 . 0 4 1 " , w 1 6 7 1 6 7  0.031"**w167167 
Synthase 0.0050 0.003 ooo 0.002 coo 
Malate 0.309w167167 0 .241" ,w167167  0.187"**w167167 
Dehydrogenase 0.022o 0.018 ooo 0.017 ooo 
NADH-cytochrome c 0 .076w167167  0.051"**,w167167 0.037***w167167 
Reductase (total) 0.004000 0.003 ooo 0.002 coo 
Cytoehrome 2.076000 1.369ooo 1.287ooo 
Oxidase 0.385 0.114 0.138 
Glutamate 0.053w167167 0.033"**,w167167 0.025***w167167 
Dehydrogenase 0.004000 0.003 ooo 0.002 coo 

0.047w167167 0.039*w167167 0,054w 
0.00600 0.003 ooo 0.003o0 
0.304w167167 0 . 2 5 3 w 1 6 7 1 6 7  0.307w167167 
0.033oo 0.023 coo 0.006000 
0.054**w167167 0.052***w167167 0.048**w167167 
0.004 ooo 0.003 ooo 0.002 ooo 
1.653ooo 2.765ooo 1.622w167 
0.264 0.288 0.097o0o 
0.034**w167167 0.037**w167167 0.032**w167167 
0.004 oo 0.003 o0o 0.004 ooo 

i 

Statistical Analysis: ANOVA test of data expressed as mean -+ S.E.M.. 
3 significance levels: P<0.05:1 symbol; P<0.01:2 symbols; P<0.001:3 symbols. 
Symbols of comparison: (g) versus (h)(i)0)(k)(1):* 
Enzyme activities are different from the same of free mitochondria: w of light ones: o. 
Number of animals of each single fraction: 8-10. At 24 months n=5. 

The single i.p. administration of L-acetylcamitine (100 
mg.kg -1) modified some enzyme activities only in the syn- 
aptic mitochondria from hippocampus and striatum. 

In hippocampus the specific activities of citrate syn- 
thase and malate dehydrogenase of  synaptic mitochon- 
dria were lowered by drug treatment at 4, 8, and 4, 24 
months respectively (Figure '1). Cytochrome oxidase ac- 
tivity was increased by L-acetylcarnitine treatment at 16, 
20 months on synaptic light mitochondria, while gluta- 

mate dehydrogenase activity was decreased by the drug 
on synaptic (4 months) and non-synaptic (20 months) 
mitochondria (Figure 2). 

The enzyme activities of striatum of animals treated 
with g-acetylcarnitine are reported in Figure 3 and 4. 
Pharmacological treatment decreased the activity of  cit- 
rate synthase and malate dehydrogenase mainly on syn- 
aptic mitochondria at .4, 8 and 8, 24 months of  age, 
exactly as in hippocampus (Figure 3). Cytochrome ox- 
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idase activity was increased by drug at 12 and 16 months 
of age on synaptic and non-synaptic mitochondria, while 
glutamate dehydrogenase activity was decreased at 8, 20 
months (Figure 4). 

In both areas, the inhibition of citrate synthase ac- 
tivity was the main and constant effect of L-acetylcar- 
nitine acute treatment, together with the inhibition of 
malate and glutamate dehydrogenase activities. Thus, L- 
acetylcarnitine exhibited an inhibitory trend of action on 
the enzyme activities of synaptic mitochondria related to 
the Krebs' cycle, while the drug was ineffective on the 
enzyme activities of non-synaptic mitochondria. The drug 
increased the activity of electron transfer chain cyto- 
chrome oxidase activity in synaptic and non-synaptic rrti- 
tochondria of striatum at 12 and 16 months of age, while 
in hippocampus this effect was detected at 16 and 20 
months in light mitochondria. 

DISCUSSION 

Systematic, diversified studies on mitochondrial 
enzyme systems related to energy transduction during 
aging confirm that the biochemical patterns of non- 
synaptic perikaryal and synaptic mitochondria are dif- 
ferent and that enzyme activities undergo separate 
changes with age (29). The changes undergone by age 
of bioenergetic systems are very complex and have 
been extensively discussed previously by Hansford (see 
31 for a review). 

The distinct nature of these three populations of 
mitochondria, appears to be not only a subtle and unclear 
problem of microheterogeneity, but also a possible rel- 
evant factor with respect to aging processes and phar- 
macological treatment (20,29). 

A lot of animals of different ages was subjected to 
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a single intraperitoneal injection of L-acetylcarnitine at 
the dose of 100 mg.kg -1 and sacrificed after 60 minutes, 
over the 4 to 24 months life-span, at 4 month time in- 
tervals. 

The results can be summarized as follows. In 
"young" animals, acute treatment with L-acetylcarnitine 
decreased citrate synthase, malate deydrogenase and glu- 
tamate dehydrogenase activities in mitochondria ob- 
tained from synaptosomes of hippocampus and striatum. 
In "adult" animals, starting from 12 months of age, but 
noticeably at 16 and 20 months, cytochrome oxidase 
activity was increased by treatment either in non-syn- 
aptic (striatum) or in synaptic mitochondria (striatum and 
hippocampus). In "senescent" animals the acute treat- 
ment with L-acetylcarnitine decreased glutamate dehy- 
drogenase activity in non-synaptic mitochondria of both 
areas and malate deydrogenase activity as evaluated on 
synaptic mitochondria. 

These data indicate that the enzyme activities of 
synaptic mitchondria were affected by L-acetylcarnitine 

exogenous treatment, thus suggesting a specific neuronal 
trigger zone of action. Particularly, the activities of Krebs' 
cycle were inhibited by L-acetylcarnitine upon acute 
treatment. 

The inhibition of citrate synthase, a key enzyme of 
the Krebs' cycle, confirms previous data on enzyme ac- 
tivity of hippocampus in young animals (20) and may 
be compared with previous observations (12,32) show- 
ing that a decrease in the flux of the citric acid cycle 
affects the mitochondrial formation of acetylcamitine (12) 
or activate carnitine acetyl-transferase reactions (32). 

In brain mitochondria, the inhibition of glutamate 
transamination by pyruvate metabolism may be induced 
by stimulating the flux through the pyruvate dehydro- 
genase complex (33). Hence, it seems likely that the 
inhibitory effect of a changed acetyl-CoA metabolism 
on glutamate transamination lies in competition of citrate 
synthase and aspartate aminotransferarase for common 
substrate, L e. the oxaloacetate. 

Even if this effect of the drug was observed in 
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"young" animal's hippocampus and striatum synaptic 
mitochondria, the interference on glutamate turnover by 
the acetyl-CoA metabolism related to the citrate synthase 
reaction is of interest, because an inverse relationship 
exists between the rate of carbon flux through the tri- 
carboxylic acid cycle and the rate of cytosolic NADH 
reoxidation (33). However, with advancing age this ef- 
fect of the drug disappears clearly, indicating that phar- 
macological action is superimposed to an intrinsic 
differential "maturation" of these enzyme systems of 
mitochondria (29). 

The decreased glutamate dehydrogenase activity in 
synaptic mitochondria by acute exogenous treatment with 
L-acetylcarnitine corroborates the hypothesis of an in- 
terference with the glutamate metabolism at synaptic level. 
This is particularly important for hippocampus where the 
glutamate is a proper neurotransmitter and changes in its 
concentration may be of functional significance in this 
area (34). Microiontophoretic administration of L-ace- 
tylcarnitine affects electrical discharge of hippocampal 
neurons (35) and ",/- aminobutyric acid induces a potent 
competitive inhibition of carnitine uptake in slices of 
cerebral cortex (36). The effect of the drug on glutamate 
dehydrogenase activity was observed in "young" as well 
as in "'senescent" animals. 

The effect of L-acetylcarnitine treatment on the ac- 
tivity of cytochrome oxidase is consistent with previous 
data (37,38) showing that this drug caused an high in- 
crease in the amount of a 16 kDa mitochondrial inner 
membrane protein (37) probably identified as the subunit 
IV of cytochrome oxidase, decreased by age in striatum 
(39). In addition, L-acetylcarnitine acts on mitochondrial 
DNA transcription processes erasing the reduction of 
subunit I of cytochrome oxidase (Col)mRNA in brain 
mitochondria (40), increasing the synthesis of all the 
mtRNA species of 28 months-old Fisher 344 rats, prob- 
ably due to an improved mitochondrial metabolism (41). 

In any case, in vivo administration of L-acetylcar- 
nitine affects selectively some enzymes linked to energy 
metabolism of neurons, suggesting that the drug is not 
only implicated in the mitochondrial fatty acyl transport 
but involved in the brain energy metabolism. 
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