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Abstract The maximum rates (V) of some enzymatic
activities related to energy consumption (ATP-ases) were
evaluated in two types of synaptic plasma membranes
(SPM) isolated from cerebral cortex of rats subjected to
in vivo treatment with L-acetylcarnitine at two different
doses (30 and 60 mg kg~ i.p., 28 days, 5 days/week). The
following enzyme activities were evaluated: acetylcholin-
esterase (AChE); Na*, KT, Mg”—ATP-ase; ouabain
insensitive Mg”-ATP-ase; Nat, K"-ATP-ase; direct
Mg®T-ATP-ase; Ca®", Mg>"-ATP-ase; Low- and High-
affinity Ca”’"-ATP-ase. Sub-chronic treatment with
L-acetylcarnitine increased Na*, K*-ATP-ase activity on
SPM 2 and Ca’*", Mg®>"-ATP-ase activity on both SPM
fractions. These results suggest (1) that the sensitivity to
drug treatment is different between the two populations of
SPM, confirming the micro-heterogeneity of these sub-
fractions, probably originating from different types of
synapses, (2) the specificity of the molecular site of action
of the drug on SPM and (3) its interference on ion
homeostasis at synaptic level.
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Introduction

L-acetylcarnitine, an essential compound for long chain
fatty acid uptake and utilization in mitochondria, is
involved in brain energy metabolism [1-5].

In vivo, L-acetylcarnitine crosses the blood—brain barrier
primarily via the high affinity, Na*-dependent cation/car-
nitine transporter and to a lesser extent via the B(0,+)
amino acid transporter [6—8]; in particular, the drug has a
brain uptake index of 2.4 + 0.2, which is similar to that of
GABA, indicating an affinity of L-acetylcarnitine for the
GABA transport system [9].

Pharmacological studies with L-acetylcarnitine have
shown that the drug: (a) increases energy production [1-4,
10-12], (b) stabilizes cellular membranes particularly in
ageing, increasing cardiolipin content of the inner mito-
chondrial membrane [13, 14], (c) plays a role in cholinergic
transmission as an acetylcholine precursor, positively
affecting acetylcholine release [15-17] and shows a
muscarinic agonist effect [18, 19]. These pharmacological
characteristics have proposed L-acetylcarnitine for the
therapy of ageing [12] and neurodegenerative diseases as
Alzheimer’s Dementia [12, 15, 20]. At this case, L-acetyl-
carnitine administration opposes to membrane viscosity
changes caused by cardiolipin decrease and lipid peroxi-
dation, that increased in diseases such as Dementia [21].

Other studies have indicated a therapeutic role for
L-acetylcarnitine in conditions of: (1) hypoxia [22-25], (2)
ischaemia [26-29], (3) peripheral neuropathies with pain
by increasing neurotrophic factors (NGF) [25, 30] and
potentiating NGF action possibly through the stimulation
of p 75N9R synthesis and expression [31]. The drug also
possesses (4) a neuromodulatory role in neuronal plasticity
during early neuroembryogenesis [32] and in brain energy
metabolism [1-5, 10, 12].
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Therefore, the aim of the present research was to study
the effect of the in vivo treatment with different doses of
L-acetylcarnitine on the maximum rate of some represen-
tative cerebral enzymes linked to energy utilizing systems
(ATP-ases) evaluated in two different fractions of synaptic
plasma membranes, indicated as synaptic plasma mem-
branes type I (SPM 1) and synaptic plasma membranes
type II (SPM 2). These two different synaptic plasma
membranes populations have been obtained from synap-
tosomal fraction subjected to osmotic shock and layered on
discontinuous sucrose gradients [33].

Particularly, the effect of pharmacological treatment
was evaluated on the enzyme activities of the so-called
“ionic pumps”, formally energy consuming enzyme
systems of ATP-ases, that modulate the presynaptic nerve
ending homeostasis [33, 34].

Na*t, K*-ATP-ase is located in synaptic plasma mem-
branes and functions as an electrogenic Na™/K™-pump that
maintains a low intracellular Na* concentration and Na™
and K" gradient, modulating the resting transmembrane
potential, some postsynaptic activities and transmitter’s
turnover [34].

Synaptic low- and high-affinity Mg*" independent
Ca*"-dependent ATP-ase and Ca®", Mg?*-ATP-ase help
to maintain the homeostasis of the intracellular Ca®* that
initiates the interaction between ATP and ATP-ases to
promote both the attachment of secretory granules to
plasmalemma and the extrusion of their neurotransmitters
to the nerve terminal exterior [34].

The ectoenzyme Mg>*-ATP-ase has externally oriented
active sites on synaptic plasma membrane and it is
involved in the hydrolysis of ATP to adenosine. In contrast,
the enzyme located in synaptic vesicles is involved in the
turnover of different transmitters [34].

The effect of L-acetylcarnitine treatment was never
studied on these enzyme systems (ATP-ases) on synaptic
plasma membranes separated in two fractions: SPM 1 and
SPM 2; furthermore, the present study was performed uti-
lizing synaptic plasma membranes from the cerebral cortex
and not from the whole brain because of the well-known
brain heterogeneity and metabolic compartmentation
[1, 4, 5].

Materials and Methods

Care of the Animals and Pharmacological Treatment

The experiments were performed on 4 month-old female
Sprague-Dawley rats (Cobs-Charles River). The animals

were selected according to randomized experimental pro-
cedures and kept from birth under standard cycling and

housing conditions (temperature: 22 + 1°C, relative
humidity 60 £ 3%, lighting cycle: 12 h light and 12 h
darkness; low noise disturbances), fed with a standard diet
in pellets with water ad libitum and housed three and
subsequently two per cage. The selection of the animals
and time course of pharmacological treatment was estab-
lished by permutation tables.

The animals were divided into three groups and treated
by intraperitoneal injections of: (a) vehicle only (NaHCO3
0.8-1.0 M) (Merck Darmstadt, F.R. Germany) for 4 weeks,
5 days a week (control animals for sub-chronic treatment);
(b) two different doses of L-acetylcarnitine (30 and
60 mg kg~ ' i.p.) for 4 weeks, 5 days a week (treated ani-
mals for sub-chronic treatment). The drug was injected
under anaesthesia by ether at 09:00 a.m. and, at the end of
sub-chronic pharmacological treatment, the animals were
sacrificed under anaesthesia by a lethal dose of urethane
(1.4 gkg™", ip.) at 10:00 a.m. (to avoid any circadian
changes of enzyme activities) and 48 h after the last drug
administration (to avoid any acute effect due to the last
drug’s administration).

Preparation of Purified Synaptic Plasma Membranes

Purified synaptic plasma membranes (S.P.M.) were obtained
from rat cerebral areas according to the method of Lin
and Way [33] as modified by an analytical technique
adapted to single animal, as described in details by Gorini
etal. [12].

The subsequent procedures were performed at 0—4°C.
The brain was isolated (<20 s) in a refrigerated box at
0-4°C and immediately placed in an isolation medium
(0.32 M sucrose, Merck Darmstadt, F.R. Germany,
1.0 mM EDTA-K*, Sigma Chemicals Company St. Louis
Mo, 10 mM Tris—HCI, Merck Darmstadt, F.R. Germany,
pH 7.4). The cerebral cortex (right-side) was carefully
dissected, isolated and immediately placed in the isolation
medium; the homogenate was obtained using a Teflon-
glass homogenizer (Braun S Homogenizer) by five up and
down strokes of the pestle (total clearance: 0.1 mm)
rotating at 800 r.p.m., with electronic control of the pestle
speed. The homogenate (usually 5 ml final volume) was
then diluted to 7-10% (w/v) for differential centrifugation
carried out in conditions previously determined: the
“crude” nuclear fraction was removed by centrifugation
at 5.5x10°g min (3.9 x 10’ w?) in a Sorvall RC-5B
Supercentrifuge, rotor SS-34.

The nuclear pellet was washed twice and the combined
supernatants were centrifuged at 300x 10°g min, at a total
applied force of 213 x 107 w’, to yield the “crude”
mitochondrial pellet. The “crude” mitochondrial fraction
was resuspended in the isolation medium by soft
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homogenization in a Braun S Homogenizer (total clearance
0.1 mm) and this suspension was applied to a two steps
discontinuous Ficoll-sucrose gradient, consisting of Ficoll
(Pharmacia Biotech, AB Uppsala Sweden) 7.5 and 12%
(w/v) in 0.32 M sucrose, 50 uM EDTA-K™, 10 mM Tris—
HCI, pH 7.4. After centrifugation in a Sorvall Ultracentrifuge
OTD65B, rotor AH-650, at 140x 10*¢ min (988 x 107 w?t)
the synaptosomal fraction was obtained at the interface of
the 7.5-12% Ficoll-sucrose layer. The band of synaptosomes
was collected by aspiration and was then diluted with
5 volumes of isolation medium, and centrifuged at
375x%10%¢ min (266 x 10" w?t), rotor $S-34. The synap-
tosomal pellet was resuspended by soft homogenization in a
Braun S Homogenizer (total clearance 0.1 mm) in a small
volume of 0.32 M sucrose, pH 7.4 and osmotically lysed in 3
volumes of 6 mM Tris—HCl, pH 8.1, for 1.5 h, at 0—4°C.

After osmotic shock, the lysate was applied on a dis-
continuous sucrose-HEPES (Boehringer Mannheim Gmbh,
Biochemica Germany) gradient consisting of successive
1 ml layers of 0.32; 0.64; 0.80; 1.0 M, pH 7.4. This gra-
dient was centrifuged at 5x 10*¢ min (381 x 10® @w*)ina
rotor AH-650; at the end of this centrifugation, the bands at
the interfaces between 0.64 and 0.80 M sucrose-HEPES
(synaptic plasma membranes, type [—SPM 1) and
0.8-1.0 M sucrose-HEPES (synaptic plasma membranes,
type II—SPM 2) were collected by aspiration, diluted to
the 0.32 M sucrose buffered solution and centrifuged at
342x10% min (242 x 10® w?).

The pellets of synaptic plasma membranes SPM 1 and
SPM 2 were resuspended by soft homogenization in a
small volume of 0.32 M sucrose buffered solution (pH 7.4)
for the assay of the catalytic activity of enzymes.

Enzyme Assays

The purity of the different sub-cellular fractions, was pre-
viously determined [12] evaluating the maximum rate (V,x)
of the following enzyme activities: acetylcholinesterase
(acetylcholine hydrolase, EC 3.1.1.7) [35]; cytochrome
oxidase (ferrocytochrome c: oxygen oxidoreductase, EC
1.9.3.1) [36, 37]; lactate dehydrogenase (L-lactate: NAD™
oxidoreductase, EC 1.1.1.27) [38].

Acetylcholinesterase activity was assayed by following
the increase of extinction at 412 nm produced from
thiocholine when it reacts with 35,5'-dithiobis-(2-nitroben-
zoic acid) (DTNB). The principle of the method is the
measurement of the rate of production of thiocholine as
acetylthiocholine is hydrolized [35], then reacting with
DTNB. The assay medium (1.02 ml final volume) consisted
of 0.97 ml 0.1 M phosphate buffer (pH 8.0), 30 pul of DTNB
0.01 M, NaHCOj; 0.018 M (all reagents from Merck) dis-
solved in phosphate buffer (pH 7.0) and 20-25 pl of synaptic
plasma membranes sample. After 3 min of equilibration of
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the assay mixture at 20°C, the assay was initiated by the
addition of 20 pl of acetylthiocholine iodide 0.075 M.

Cytochrome oxidase activity was assayed by following
the decrease of extinction at 550 nm of cytochrome c
(Boehringer Mannheim Gmbh, Biochemica Germany),
previously reduced with 2-3 mg of ascorbic acid (Merck
Darmstadt, F.R. Germany) and subsequently dialysed with
0.01 M phosphate buffer for 24 h with four changes of
buffer [36, 37]. The assay medium (1.00 ml final volume)
consisted of 0.9 ml 0.1 M phosphate buffer (pH 7.0),
0.1 ml of solution at 1% cytochrome c¢ reduced and syn-
aptic plasma membranes sample.

Lactate dehydrogenase activity was assayed by follow-
ing the decrease of extinction at 340 nm produced by
NADH (Merck Darmstadt, F.R. Germany) [38]. The assay
medium (1.02 ml final volume) consisted of 1 ml sodium
pyruvate 0.63 mM (Sigma Chemical Company, St. Louis,
Mo) dissolved in 50 mM phosphate buffer (pH 7.5),
0.02ml of NADH 11.3 mM dissolved in NaHCO;
119 mM and synaptic plasma membranes sample.

On SPM1 and SPM2 samples, ATP-ases activities were
determined by measuring the P; released from the
hydrolysis of ATP in presence of different ions and syn-
aptic plasma membranes (type I and type II); ATP-ases
activities were thus expressed as pmoles of P; relea-
sed h™' (mg of protein)™" of each sub-cellular fraction
tested [39, 40].

Na*, K*-ATP-ase activity was calculated from the
difference between the Na™, K, Mg®"-ATP-ase activity
and Mg”>"-ATP-ase activity [39]. Na*, K, Mg*"-ATP-
ase activity was assayed in 1.0 ml of a medium containing
50 mM Imidazole-HCI buffer, pH 7.4; 120 mM NaCl;
10 mM KCI; 5 mM MgCl, (all reagents from Merck).
Ouabain insensitive Mg>"-ATP-ase activity was evaluated
in 1.0 ml of a medium containing 50 mM Imidazole-HCI
buffer, pH 7.4; 120 mM NaCl; 10 mM KCI; 5 mM
MgCl,; 1 mM freshly prepared ouabain (Sigma Chemical
Company, St. Louis, MO). The mixture with synaptic
plasma membranes (24-48 pg of protein) was preincu-
bated for 5 min at 37°C and the reaction was then started
by the addition of 4 mM ATP (Sigma Chemical Com-
pany, St. Louis, Mo). Vanadium-free Na,-ATP solutions
were made fresh prior to use by neutralizing ATP to pH
7.4 with Tris. At the end of the incubation period (10 min;
37°C) with the sample of the sub-fraction tested, the
reaction was stopped by cooling to 4°C and by adding
0.5 ml of TCA solution 10% (w/v) (Merck Darmstadt,
F.R. Germany).

“Direct” Mg2+-ATP—ase activity was evaluated according
to Shallom and Katyare [39] in 1.0 ml of a medium con-
taining 50 mM Imidazole-HCI buffer, pH 7.4; 5 mM MgCl,.
The mixture with synaptic plasma membranes (24—48 pg of
protein) was preincubated for 5 min at 37°C and the reaction
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was then started by the addition of 4 mM ATP. Vanadium-
free Na,-ATP solution was made fresh prior to use by neu-
tralizing ATP to pH 7.4 with Tris. At the end of the incubation
period (10 min; 37°C) with the sample of the sub-fraction
tested, the reaction was stopped by cooling to 4°C and by
adding 0.5 ml of TCA solution 10% (w/v).

Ca*", Mg*"-ATP-ase activity was evaluated according
to Palayoor et al. [40] in 1.0 ml of a medium containing
50 mM Tris—HCI buffer, pH 7.5; 100 mM KCIl; 2 mM
MgCl,; 120 uM  CaCl, (Merck Darmstadt, F.R. Ger-
many); 100 uM EGTA (Sigma Chemical Company, St.
Louis, Mo); 100 uM freshly prepared ouabain. The mix-
ture with synaptic plasma membranes (3248 pg of pro-
tein) was preincubated for 5 min at 37°C and the reaction
was then started by the addition of 1.23 mM ATP.
Vanadium-free Na,-ATP solution was made fresh prior to
use by neutralizing ATP to pH 7.4 with Tris. At the end
of the incubation period (10 min; 37°C) with the sample
of the sub-fraction tested, the reaction was stopped by
cooling to 4°C and by adding 0.5 ml of TCA solution
10% (wiv).

Ca’*-ATP-ase, Mg*-independent activities with Low
(L) or High (H) affinity for Ca’* were evaluated according
to Palayoor et al. [40] in 1.0 ml of a medium containing
25 mM Tris—HCI buffer, pH 7.4; 100 uM EGTA; 0.2 M
sucrose; for the determination of the Low affinity Ca’*-
ATP-ase in the reaction mixture the concentration of CaCl,
was 2 mM; for the determination of the High affinity Ca®"-
ATP-ase, CaCl, was 200 uM. The mixture with synaptic
plasma membranes (3248 g of protein) was preincubated
for 5 min at 37°C and the reaction was then started by the
addition of 1.84 mM ATP. Vanadium-free Na,-ATP solu-
tion was made fresh prior to use by neutralizing ATP to pH
7.4 with Tris. At the end of the incubation period (12 min;
37°C) with the sample of the sub-fraction tested, the
reaction was stopped by cooling to 4°C and by adding
0.5 ml of TCA solution 10% (w/v).

For all the enzyme activities tested, after centrifugation
of the TCA-treated sample, 1.0 ml of the clear supernatant
was assayed for P; [41] by adding and mixing: (1) 3.0 ml of
a solution containing both 4.6% of CH;COONa.3H,0 and
0.25% of CuSO4-5H,0 in 2 N CH3COOH; (2) 0.5 ml of
5% (NH4)¢Mo07,0,4-4 HyO (all reagents from Merck).

Subsequently, 0.5 ml of 2% MAPS [(HOCsH4NHCHj3)2-
H,S04] in 5% Na,SOs (all reagents from Merck) was added
and mixed; after 10 min, the absorbance was read at 870 nm
versus a blank sample containing all the reagents without
cations. A titration curve for P; was made with anhydrous
KH,POy,.

The protein concentration of the tested sub-fractions
was determined using crystalline bovine serum albumin
(Merck Darmstadt, F.R. Germany) as standard, according
to Lowry et al. [42].

Enzyme Activity Calculation and Statistical Analysis

Enzyme activities of acetylcholinesterase, cytochrome
oxidase and lactate dehydrogenase were measured by
graphic recordings for at least 3 min in double beam
recorder Spectrophotometers (Perkin—Elmer 554 or 551 s)
and each value was calculated from two blind determina-
tions on the same sample. Catalytic activities were
expressed as specific activities in (pmoles of substrate
transformed) min~! (mg of protein)7l of the sub-fraction
tested.

Enzyme activities of ATP-ases were determined by
measuring the P; released from the hydrolysis of ATP in
the presence of different ions and synaptic plasma mem-
branes (type I and type II), as previously described in
details, using a 554 or 551 s Perkin—Elmer Spectropho-
tometer. ATP-ases activities were expressed as specific
activities in (umoles of P; released) h™! (mg of protein)_1
of the sub-fraction tested or as enzyme catalytic activity
if expressed as nanokatal (S.I. Units).

This value is an extensive quantity and the quantities
derived from it include “specific catalytic activity” and
“catalytic activity”; hence, the values calculated may
be: (1) enzyme specific activity (S.A.) if expressed as
(umoles of substrate transformed) min~' (mg of pro-
tein)_1 (acetylcholinesterase); (2) (umoles of P; relea-
sed) h™' (mg of protein)™", if assayed as “end point”
methods for ATP-ases; (3) enzyme catalytic activity (S.I.
Units) if expressed as nanokatal, (nmoles of substrate
transformed) st ml™L

The two ways ANOVA test was used to evaluate the
comparisons of enzyme activity between the different
cellular sub-fractions. The ANOVA test for multiple
comparisons was used to evaluate the interactions between
the values of different groups of animals, of each cellular
sub-fractions, of each individual enzyme activity and of
each biochemical parameter tested. The homogeneity of
variance was checked by Bartlett’s test and post hoc tests
were used to compare the differences between individual
groups, controlling statistical evaluation by the Tukey’s
and Dunnett’s tests.

Results

The data concerning acetylcholinesterase activity and
ATP-ases enzyme activities evaluated on synaptic plasma
membranes type I and type II sub-fractions of both control
and treated animals with 30 and 60 mg kg~' ip. of
L-acetylcarnitine are reported in Table 1 as Specific
Activities (S.A.) and in Table 2 as S.I. Units.

In control (vehicle-treated) animals, the biochemical
machinery is differently expressed in SPM 1 respect to
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Table 1 Specific enzymatic activities (umoles substrate trans-
formed/min/mg of synaptic plasma membranes protein) (AChE)
and (pumoles P; released/hr/mg of synaptic plasma membranes
protein) (ATP-ases) of indicated enzymes assayed on synaptic

plasma membranes type I sub-fraction and synaptic plasma mem-
branes type II sub-fraction from cerebral cortex of controls and
treated rats with L-acetylcarnitine at the doses of 30 and 60 mg/kg,
i.p., 28 days (5 days/week)

Enzymes SPM TYPE 1 SPM TYPE I
Control T/30 T/60 Control T/30 T/60

Acetylcholinesterase 0.073 £ 0.004 0.075 £ 0.002 0.067 £ 0.004  0.157 £ 0.005 §§§ 0.160 £ 0.006 0.148 £ 0.006
Na®t,K* Mg*" ATP-ase  30.28 & 0.81 30.25 £ 1.37 29.10 £ 1.07 82.98 + 4.47 §§§ 91.50 £ 3.72 89.34 £ 3.61
Mg*™* ATP-ase ouabain 7.98 + 0.65 7.29 + 0.45 7.93 £ 0.70 26.22 + 1.43 §§§ 27.67 + 1.48 25.30 £ 1.90

insensitive
Na®t,K* ATP-ase 22.30 £+ 0.42 2297 £ 1.15 21.17 £ 0.97 56.75 £ 3.36 §§§ 63.83 + 2.83 * 64.04 £ 2.34 *
Mgt ATP-ase 6.28 + 0.30 6.41 + 0.36 6.05 + 0.27 23.34 + 1.54 §§§ 24.63 + 1.25 22.88 £ 1.44
Ca*" Mg ATP-ase 5.68 + 0.36 7.52 + 0.50 ** 7.03 £ 047 * 17.10 & 0.80 §8§§ 22.60 £ 1.34 *** 2153 £ 1.67 *
Low affinity 2.94 + 0.33 3.46 + 0.26 3.74 + 0.46 10.18 £ 0.37 §§§ 11.10 £ 0.58 9.67 + 0.93
Cat™ ATP-ase
High affinity 1.22 £ 0.18 1.18 £ 0.11 1.30 + 0.14 4.56 £ 0.31 §§8§ 4.48 £ 0.42 4.59 £+ 0.54

Ca™™" ATP-ase

Statistical analysis: Anova test of data expressed as mean = SEM, and Tukey’s or Dunnett’s tests. 3 Significance levels: P < 0.05: 1 symbol; P <
0.02: 2 symbols; P < 0.01: 3 symbols. Symbols of comparison: control SPM 1 versus control SPM 2: §; control versus treated: *. Number of

animals for each single fraction: 6-10

SPM 2, in that specific enzyme activities are higher in SPM
2. These results are confirmed also when enzyme activities
are expressed in S.I. Units (Table 2), suggesting an
intrinsic characterization of SPM 2 with respect to SPM 1.

Sub-chronic administration of L-acetylcarnitine (30 and
60 mg kg_1 i.p. 28 days 5 days/week) modified enzyme
activities of ATP-ase systems in both fractions of synaptic
plasma membranes. Particularly, pharmacological treat-
ment at the dose of 30 and 60 mg kg~ increased the
activity of Ca’™, Mg2+—ATP-ase on synaptic plasma
membrane SPM 1 and SPM 2 (Table 1), both if the results
are expressed as Specific Activity (S.A.) and as S.I. Units
(Table 2). On the contrary Nat, K™-ATP-ase activity is
increased by the drug at both doses only on synaptic
plasma membranes type II fraction (Tables 1, 2).

Thus, L-acetylcarnitine treatment mainly affected
enzyme activities of ATP-ases located on synaptic plasma
membranes type II, that is the most representative sub-
fraction of synaptic plasma membranes, suggesting a spe-
cific molecular site of action at synaptic level for the drug.

These results are confirmed also when enzyme activities
are expressed as S.I. Units, indicating that the sub-chronic
treatment with the drug was ineffective on protein con-
centration and content, by this way avoiding a possible
masking effect due to sub-chronic drug administration on
protein synthesis [4].

On the whole, the present results attest that the sensi-
tivity to pharmacological treatment is different between the
two types of synaptic plasma membranes, confirming that
the micro-heterogeneity of these sub-fractions may play a
role when certain physiopathological conditions or the
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pharmacodynamic properties of drugs are evaluated at sub-
cellular levels [1-4, 12, 43-46].

Discussion
Methodological Aspects

In this study, energy consuming systems of ATP-ases were
assayed after sub-chronic administration of L-acetylcarnitine
on synaptic plasma membranes, to take into account the in
vivo sub-cellular distribution of these enzyme systems, dif-
ferentiable in synaptic plasma membranes type I (SPM 1)
and synaptic plasma membranes type II (SPM 2) demon-
strating that these two fractions are different, as underlined
by enzyme analysis [47-49].

As extensively described by Gorini [49], the catalytic
properties of ATP-ases systems, as assayed in different
types of synaptic plasma membranes (SPM 1, SPM 2, SPM
3) and in somatic plasma membranes (SM) from the frontal
cerebral cortex of 5-month-old rats, markedly differ
according to the different types of considered SPM and
SM, suggesting that the metabolic role of each ATP-ase is
determined by their sub-cellular in vivo localization.
Moreover, in the same work, assaying ATP-ases catalytic
properties at 5, 10, 22 months of age, their subsynaptic
localization likely influences the age-induced specific
modifications in individual ATP-ases activity [49].

The purity of SPM 1 and SPM 2 sub-fractions was
determined evaluating lactate dehydrogenase activity as a
marker of cytoplasmic contamination (equal to 0.3-0.6%
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Statistical analysis: anova test of data expressed as mean = SEM, and Tukey’s or Dunnett’s tests. 3 significance levels: P < 0.05: 1 symbol; P < 0.02: 2 symbols; P < 0.01: 3 symbols. Symbols

of comparison: control SPM 1 versus control SPM 2: §; control versus treated: *. Number of animals for each single fraction: 6-10

respect to homogenate, respectively), and cytochrome
oxidase activity as a marker of mitochondrial membranes
contamination (equal to 1.5-1.8% respect to homogenate,
respectively) [49].

The SPM 2 fraction according to Cotman’s research [47]
is the richest population of SPM and also Gurd [48]
described some SPM sub-fractions, called A and B, pos-
sessing the highest Nat, K'-ATP-ase activity. These
results, i.e. the higher enzymatic activities detected in SPM
2 fraction, are in accordance also with other works previ-
ously published by us [45, 46] and the analogies between
all these data confirm that these SPMs are concentrated
between 0.6-0.8 M sucrose, and 0.8-1.0 M sucrose, being
thus possible to select two distinct populations [48], to
be sedimented, separated and assayed distinctively
[33, 50, 51].

This opportunity seems particularly interesting, because
these two fractions exhibit different metabolic machinery
as indicated by the differences of specific activities of
ATP-ases of these two fractions (Table 1—control ani-
mals); in particular, the higher activity of acetylcholines-
terase on SPM 2 suggests that this sub-fraction may
possibly derive from cholinergic terminals of cerebral
cortex, as previously suggested by us [4, 45].

The working pharmacological hypothesis was therefore
that these sub-fractions could respond differently to phar-
macological treatment, because these are derived presum-
ably from cerebral synapses (i.e. synaptosomes) with likely
different density and physico-chemical and metabolic
characteristics, even if it is not possible to specify their
origin [1-4, 12, 43-46].

Selective modifications by pharmacological treatment
on enzyme systems of different neuronal sub-fractions have
already been described [1-4, 12, 45, 46] indicating that
brain macro-heterogeneity (specific cerebral areas), toge-
ther with micro-heterogeneity of sub-cellular fractions, are
not only subtle or unclear problems, but also possible rel-
evant factors respect to physiopathology as well as to
pharmacological treatment.

Effect of L-Acetylcarnitine on ATP-ases Activities

Sub-chronic L-acetylcarnitine treatment at both doses on
4-month-old female Sprague-Dawley rats cerebral cortex
(right-side) increased Na™, K*-ATP-ase activity only on
SPM 2 and Ca’", Mg>"-ATP-ase activity on SPM 1 and
SPM 2 (Tables 1, 2).

The “sodium pump” is responsible for the maintenance
of resting membrane potential and in neurotransmitter
turnover, while the physiological role of Ca*", Mg*'-
ATP-ase activity is to regulate intraneuronal calcium ion
concentrations within the range of 0.1-1.0 uM [51], toge-
ther with other cellular mechanisms [52].
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Ca’*, Mg?T-ATP-ase activity is stimulated by calmod-
ulin association respect to the level of free calcium in the
cytoplasm, so that the enzyme system regulates the cyto-
solic calcium levels in a feedback process [53]. Therefore,
during depolarization of presynaptic nerve endings, the
increase of free calcium ion involves the interaction
between ATP and ATP-ase to promote exocitosis of
secretory granules content [51, 54].

The Ca®" in combination with calmodulin exerts a
stimulating effect on Na™, K™-ATP-ase as well [55], but it
might be misleading not to point out that, in both cases, this
regulation is possible only in steady-state condition. In
physiopathological conditions, an impairment in energy
metabolism, and therefore in ATP-ases activities, entails a
loss of ionic homeostasis, thus suggesting that energy
(ATP) availability is the real necessary condition to main-
tain a proper regulatory control of these enzyme systems.

In any case, the results show that the drug, modifying
both Na™, K™-ATP-ase and Ca**, Mg>"-ATP-ase activi-
ties, can interfere with ionic homeostasis, suggesting that
the effect of the L-acetylcarnitine may be selective to
specific enzymatic ATP-ase activities related to transport
of Na* and Ca*.

In particular, as regards Ca®" ions, Kobayashi and co-
workers have found an increment of depolarization-
induced calcium ion influx into synaptosomes in brain
cortices of rats given L-acetylcarnitine [17]. Therefore, it
seems likely that the brain tissue undergoes to a series of
adaptations that tend to establish a new dynamic equilib-
rium, improving its ability to buffer and extrude intracel-
lular Ca** concentration increases. In fact, the drug grants
a proper calcium homeostasis increasing the Ca*", Mg*'-
ATP-ase activity in both SPM 1 and SPM 2 and the Nat,
K*-ATP-ase activity in SPM 2.

However, synaptic low- and high-affinity Mg*" inde-
pendent Ca*"-dependent ATP-ases are both unaffected by
the sub-chronic treatment with L-acetylcarnitine: this might
be related to the fact that their role is to help Ca®", Mg**-
ATP-ase to maintain the homeostasis of the intracellular
calcium, together with the Na™, Ca** antiport process.

In fact, the K,, values suggest that is actually the Ca*",
Mg?T-ATP-ase to play a key role in calcium homeostasis
respect to Ca’"-ATP-ases. As regards the low-affinity
Ca’*-ATP-ase, the K,, value is 82.6 pM Ca®" [56], sug-
gesting that it is a “capacitative” component in the calcium
extrusion mechanism, while the high-affinity Ca’"-ATPase
is an allosteric enzyme showing a K, = 1.33 pM Ca®"
[57]. Nevertheless, the Ca*t, Mg”-ATP-ase has a lower
K, for calcium (K, = 0.23 pM) [51], signifying that this
enzyme is activated at even lower calcium concentrations
and it is therefore primarily involved in calcium homeo-
stasis regulation respect to both low- and high-affinity
Mg?" independent Ca*"-ATPase.

@ Springer

Interestingly, it has been found that both Ca*", Mg*"-
ATP-ase and high affinity Mg**-independent Ca®"-ATP-
ase share practically the same K, from ATP: respectively,
18.9 and 19.0 uM [51, 57]; this suggests that the ratio of
the two enzyme activities, and therefore the contribution of
the single enzyme to calcium homeostasis, likely remains
constant even in conditions of partial ATP depletion,
possibly because the ATP moiety of the substrate complex
may bind to the same site for both enzymes.

However, also the effect of L-acetylcarnitine on Na™,
K*-ATP-ase explains why the low- and high-affinity Mg*"
independent Ca”**-dependent ATP-ases activities are not
affected by the drug treatment, at least as regards synaptic
plasma membranes type II. The sustained Na*, K™-ATP-
ase activity, creating the necessary ion gradients, allows in
fact the appropriate functioning of the Na*, Ca®" antiport
process, further sustaining the control of intracellular
calcium concentrations.

Effect of L-acetylcarnitine on Brain Energy Metabolism
in Relation to ATP-ases Activities

As regards ATP-ases activities in relation to brain energy
metabolism, in previous studies on L-acetylcarnitine in vivo
administration [1-3], the inhibition of citrate synthase
activity, key enzyme of the Krebs cycle (AG (kJ/
mol) = negative; AGO' (kJ/mol) = —31.5) [58, 59], was
observed in mitochondrial fractions from hippocampus,
striatum and cerebral cortex. This event, together with an
increased carnitine level, leads to an enhanced mitochon-
drial formation of acetylcarnitine or activates carnitine
acetyl-tranferase reactions. Nevertheless, carnitine uptake
is abolished by ouabain, suggesting an involvement of the
Na*, K"-ATP-ase system. Thus, an increased activity of
Nat, K*-ATP-ase by L-acetylcarnitine may also be related
to the increased concentration of carnitine in cerebral tis-
sue, and carnitine could have an important role in bio-
chemical systems that are involved in excitatory and
inhibitory cerebral functions [1].

Moreover, it has been assessed that rL-acetylcarnitine
treatment decreases the Embden-Meyerhof pathway and
therefore brain lactate production after ischaemia, reducing
tissue acidosis and improving the neurologic outcome of
the patient [28]: since the drug is a source of acetyl-CoA, it
promotes aerobic energy metabolism by-passing the reac-
tion catalyzed by the pyruvate dehydrogenase complex, a
target of reactive oxygen species that is inhibited following
cerebral ischaemia.

In a study on SPM from hippocampus after ischaemia
and recovery during ageing [44], the changes observed in
ATP-ase activities, related to ATP availability, are in
parallel in a time-dependent manner with the abnormalities
in oxidative metabolism, indicating that ATP-ases possibly
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may be implicated in metabolic processes of physiopatho-
logical relevance, in addition to the their classical elec-
trophysiological significance. Therefore, energy-related
synaptic enzymes catalytic activities may play an important
functional role during recovery time in cerebral tissue in
vivo, especially as regards the responsiveness to noxious
stimuli and particularly during the recirculation period
from acute (or chronic) brain injury [44].

However, it should be remembered that the drug inhibits
citrate synthase activity and therefore the acetyl groups
would not be solely utilized in acetyl-CoA formation, even
if the aerobic metabolism is sustained by L-acetylcarnitine
treatment. This would prevent an otherwise excessive
increase of acetyl-CoA/CoA ratio that in turn would
decrease pyruvate dehydrogenase activity, the mitochon-
drial fatty acid f-oxidation and citric acid cycle flux [60],
observing that the acetyl groups are utilized in fatty acids
and acetylcholine synthesis [17], besides L-acetylcarnitine
synthesis itself. An explanation could be that the drug
actually favours the aerobic metabolism, but mainly
through alternative metabolic pathways, so that the drug
increases energy production as a result.

In fact, a-ketoglutarate dehydrogenase activity was
found to be enhanced by L-acetylcarnitine sub-chronic
treatment in intrasynaptic “light” mitochondria isolated
from 4 month-old female Sprague-Dawley rats cerebral
cortex (left-side) [3], suggesting that the drug stimulates a
preferential utilization of the metabolite in the Krebs cycle,
also considering the stimulating action of L-acetylcarnitine
treatment on cytochrome oxidase activity of mitochondrial
fractions obtained from rat hippocampus, striatum and
cerebral cortex [1-3].

These results are partially in accordance with a recent
study by Long et al. [61], where L-acetylcarnitine and
a-lipoic acid treatment led to the recovery of complex I and
IV activities in 22-month-old rats compared to 4.7 month-
old ones, highlighting the supposed synergistic effect of
o-lipoic acid on aerobic metabolism [62].

A deeper insight into the possible relationships with
mitochondrial respiratory chain components would be of
great interest, in particular in relation to Coenzyme Q,
which actually controls the efficiency of oxidative phos-
phorylation, as discussed in details by Lenaz et al. [63—65].
It was shown that L-acetylcarnitine sub-chronic treatment at
the dose of 30 mg kg~' negatively affects CoQ levels in
rat brain free mitochondria [5]. Since electron transfer is
limited by the concentration of ubiquinone in the inner
mitochondrial membrane phospholipids [63—-65], the drug
likely exerts a direct action particularly on subunits of
complex IV. This hypothesis is consistent with previous
studies [10, 43] showing that L-acetylcarnitine increased the
amount of a 16 kDa mitochondrial inner membrane protein
[43] identified as the subunit IV of cytochrome oxidase [66].

The stimulating action of L-acetylcarnitine treatment on
cytochrome oxidase activity of intra-synaptic mitochondria
[1-3] and Nat, K*-ATP-ase activity (present data) con-
firms the functional correlation of these two enzymes, the
activation of Na®, K'-ATP-ase representing a critical
event that links energy metabolism with electric activity
[67]. This suggests the fundamental role of Na*, K*-ATP-
ase (and ATP availability) in the control of neuronal
transmission [58].

In the same metabolic context, after neuronal activity
stimulation, there is an increase of Ca®" ion concentration
into presynaptic nerve endings and this event explains the
drug-induced increase of Ca**, Mg®T-ATP-ase activity in
order to remove intracellular Ca*" ions and to maintain the
homeostatic level of these Ca>* ions.

These results show that L-acetylcarnitine treatment
increases energy metabolism and the enzyme activities
involved in neurotransmission processes. Taken together
these pharmacodynamic characteristics of L-acetylcarnitine
at sub-cellular levels (intrasynaptic mitochondria—synap-
tic plasma membranes) may be of interest in the thera-
peutic role of the drug in several physiopathologic states
such as ageing and in neurodegenerative age-related dis-
eases such as Alzheimer’s Dementia.

In particular, as regards ageing, some studies [68, 69]
pointed out that either ageing or peroxidative stress imply a
decreased activity of Nat, K*-ATP-ase: such an effect
might depend on the modification of the lipidic composi-
tion and on decreased membrane fluidity which occurs
during ageing [70], suggesting that L-acetylcarnitine is
involved in the stabilization of the cellular membrane [13,
14] and thus helps to re-create the structural microenvi-
ronment necessary to maintain the proper physiological
synaptic functions.

Effect of L-acetylcarnitine on AChE Activity

Cholinergic system dysfunction is claimed to be involved
in the pathogenesis of Alzheimer’s Disease, but also a
defect in energy metabolism may play a role; particularly,
cytochrome oxidase activity seems to be reduced in this
neurodegenerative pathology leading to a reduction in
energy stores and thereby contributing to neurode-
generative process [71], while L-acetylcarnitine has been
proven to be able to slow the natural course of Alzheimer’s
disease [72].

With regard to the catabolism of acetylcholine, L-acetyl-
carnitine treatment in 4 month-old rats has not modified
acetylcholinesterase activity (AChE) of both SPM frac-
tions, in agreement with previous studies evaluating
acetylcholinesterase activity on SPM from frontal cerebral
cortex of 4-, 8-, 12-, 20- and 24-month-old female Spra-
gue—Dawley rats [12]. Interestingly, the catalytic properties
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of AChE [73], as well as Na®, KT-ATP-ase [68, 69], is
significantly influenced by the membrane composition of
phospholipids; therefore, it should be expected an increase
in this enzyme activity after L-acetylcarnitine administra-
tion. However, since AChE enters the membrane double
phospholipid layer less than Na™, K*-ATP-ase does [74], it
is therefore less susceptible to changes in membrane
phospholipid composition [75].

Conclusion

In summary, as we discussed in previous studies and in
present research about the effects of in vivo treatments of
L-acetylcarnitine on enzymes related to energy-yielding as
well as energy-consuming ATP-ase systems of cerebral
tissue [1-5, 12, 43], it seems likely that the drug primarily
interferes with the energy metabolism and consequently
with the neuronal electric activity and the neurotransmis-
sion processes.

Moreover, L-acetylcarnitine acts both on intra-synaptic
mitochondria (citrate synthase, cytochrome oxidase activ-
ity) and on synaptic membranes (Na®, K*-ATP-ase and
Ca*", Mg*"-ATP-ase activities), therefore particularly on
synaptic structures [4]. These results confirm that cellular
sub-fractionation might be a useful method to verify the
pharmacodynamic characteristics of drugs acting on cere-
bral energy mechanisms, in this research taking into
account the macro-heterogeneity and micro-heterogeneity
of ATP-ases systems of cerebral tissue, whose individual
roles are determined by their in vivo sub-cellular locali-
zation [34, 76-78].
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