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The microheterogeneous nature of intrasynaptic mitochondria has been demonstrated and is
widely accepted. However, evidence is still lacking about the role played by the different
intrasynaptic mitochondrial subpopulations. The data obtained support the hypothesis that
“heavy” mitochondria could represent old mitochondrial populations: in fact, in addition to
the well known impairment of typical mitochondrial functions, they possess the highest levels
of hydroperoxides and their fatty acids pattern is completely modified. The qualitative and
quantitative fatty acid modifications suffered by these organelles deeply altered their protein/
lipid ratio, thus modifying their mode of action. The present work also collects a large body
of evidence that a subchronic L-acetylcarnitine treatment in 28 days does not structurally
affect both nonsynaptic and intrasynaptic mitochondria of normal rat in a “steady-state”
metabolic condition.
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INTRODUCTION

In 1977, a method was developed whereby three
distinct populations of relatively purified mitochon-
dria, heterogeneous with respect to their biochemical
features, could be prepared from a pool of rat fore-
brains (Lai et al., 1977): two of them were derived
from synaptosomes and a third consisted of “free”
nonsynaptic mitochondria. Since then, increasing evi-
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dence for the heterogeneity of cerebra tissue as well
as of cerebral mitochondria has been gathered in many
morphological, histochemical, biochemical, and phar-
macological studies (Hansford, 1983; Villa et al.,
19893,b; Villaand Gorini, 1991a,b). Recently, hetero-
geneity at subcellular, cellular, and cerebral tissue
regional levels was confirmed regarding enzymic
activities (such as, monoamine oxidase and phosphory-
lase kinase) (Lai et al., 1994; Psarra and Sotiroudis,
1996), preferential localization of active mitochondria
in precursor cells (Kirischuk et al., 1995), and different
glutamate (Gorini et al., 1998) and glutamine metabo-
lism compartmentalization (Westergaard et al., 1995).
Our data previoudly contributed to support the hypoth-
esis of the above-mentioned different levels of hetero-
geneity. We demonstrated, for example, that coenzyme
Q distribution in brain mitochondria differs consider-
ably depending on mitochondrial subpopulation, brain
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region, and age (Battino et al., 1990, 1991, 1995,
1997). The respiratory chain features were also depen-
dent on mitochondrial type and on their respective
brain area(Villaet al., 1989a; Villaand Gorini, 1991a;
Battino et al., 1991). Most of the studies dealing with
nonsynaptic, “free’ (FM) and intrasynaptic “light”
(LM) and “heavy” (HM) mitochondria pointed out that
the latter usually displayed the lowest content of respi-
ratory components and the lowest enzymic activities
both in the respiratory chain and in the matrix (Vanella
et al., 1989; Villa et al., 1989a; Battino et al., 1991).
Because of these foregoing statements, the microheter-
ogeneous nature of intrasynaptic mitochondria has
been widely demonstrated and it has been suggested
that HM fractions (“heavy” because of the different
protein/lipid ratio) represent old mitochondrial popula
tions at the end of their life. The continuous damage
accumulating at membrane level could be responsible
for this, leading to loss of enzymic activities and
impairment of the typical mitochondrial function (Villa
et al., 1989a,b; Villaand Gorini, 1991a; Battino et al .,
1990, 1991, 1995, 1997). However, more evidence is
still necessary to strengthen this hypothesis. On the
other hand, carnitine and/or its esters are the requisite
carriers for most of the transmembrane movements of
long-chain fatty acids. Biochemically, L-acetylcarni-
tine (LAC) is involved in the transport of fatty acids
acrossthe mitochondrial membrane, regulating the cel-
lular metabolism and increasing energy production
(Shug et al., 1982). LAC administration is associated
with areduction in some of the aging-related morpho-
logical changes and lipopigment deposition. This com-
pound is a candidate for therapy as a long-term
prophylactic agent for the adverse effects of cerebra
aging (Dowson et al., 1992). The effect of acutein vivo
treatment with LAC was studied in different cerebral
mitochondria from hippocampus and striatum during
aging (4—24 months lifespan) showing its interference
with someKrebs' cycle enzymesand glutamate metab-
olism (Villaand Gorini, 1991b). Moreover, LAC treat-
ment increased the activity of cytochrome oxidase,
indicating the specificity of molecular interactionswith
the catal ytic activity of thisenzymeduring aging (Villa
and Gorini, 1991b). This data was recently confirmed
(Gorini et al., 1998) and is consistent with previous
studies (Turpeenoja et al., 1988; Villa et al., 1988)
showing that LAC increased the amount of a 16kDa
mitochondrial inner membrane protein, identified as
the subunit 1V of cytochrome oxidase (Ragusa et al.,
1989). Thiseffect was a so confirmed in humans (Cor-
bucci et al., 1992). Recently, it has been demonstrated
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(Gorini et al., 1998) that LAC treatment has direct
effects in vivo on severa mitochondrial enzymic
activities and can produce significant modification of
their maximum rate (Viya). It has been found that
such effects take place only in the intrasynaptic
mitochondria

Taking into account all these considerations, we
decided to take advantage of our previous experiences
concerning both LAC treatment and mitochondrial
subpopulation separation to follow the possible effects
of 28 days L AC administration on mitochondrial struc-
ture at the biochemical level; the aim of the present
work was also to better structurally characterize HM
fraction for supporting or not the hypothesis that they
could represent the aged mitochondrial population, i.e.,
those mitochondria that were initially transported by
axoplasmic flow.

EXPERIMENTAL PROCEDURE
Animal Care and Treatments

The experiments were performed on female
Sprague-Dawley rats (Cobs-Charles River), aged 3
months. The animals were selected randomly and
maintained under standard cycling and caging condi-
tions (temperature, 22 += 1°C; relative humidity, 60 *+
3%; lighting cycle, 12 h light and 12 h darkness; low
noise disturbance), fed with a standard pellet diet,
water ad libitum, and housed two per cage.

The time course of pharmacological treatment
was established by permutation tables and the animals
were treated for 28 days, 5 days aweek, with intraperi-
toneal injectionsof : (i) group 1, vehicle only (NaHCO;
0.8 M; control animal); (ii) group 2, a dose of 30 mg/
kg of L-acetylcarnitine; and (iii) group 3, a dose of 60
mg/kg of L-acetylcarnitine. The substance wasinjected
each day at 10.00 A.M.. At aset time after the treatment
cycle and after a wash-out of 48 hours, animals were
sacrificed at 9.30 A.M. to avoid any circadian changes
of enzyme activities. The animals were 4 months old
when sacrificed.

Preparation of Synaptosomal Fraction and
Nonsynaptic Mitochondria

A synaptosomal fraction was isolated according
totheprocedureof Lai et al. (1977) adapted for anal yti-
cal evaluations (Villa et al., 1989b). The rats, from
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the various experimental lots, were anesthetized and
sacrificed by urethane (1.4 g/kg, i.p.) and 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 the isolation medium (0.32 M
sucrose, 1.0 mM EDTA-K*, 10 mM Tris-HCI; pH
7.4). The left-side of the cerebral cortex was carefully
dissected, isolated, and immediately placed in the iso-
lation medium. The homogenate was obtained by Tef-
lon glass homogeni zer (Braun S Homogenizer) by five
up-and-down passes of pestle (total clearance: 0.1
mm), rotating at 800 rpm (electronic control of the
pestle speed). The homogenate was then centrifuged
at 3.6 X 10° g-minin Beckman J2-21 Supercentrifuge,
rotor JA-17. The pellet was resuspended in one-half
original volume of isolation medium and again centri-
fuged at 3.6 X 10° g-min; this step was repeated once
again. The three supernatants were combined and cen-
trifuged at 288 X 10° g-min. The “crude” mitochon-
drial pellet containing synaptosomes was resuspended
by soft homogenization in the isolation medium and
was placed on discontinuous Ficoll—sucrose gradients
(12—7.5% wiw) (Ficoll dissolved in stock solution:
0.32 M sucrose, 50 uM EDTA-K*, 10 mM Tris-HCI,
pH 7.4). The gradient was then centrifuged at 175.2
X 10* X g-min in OTD-65B Sorvall Ultracentrifuge
(AH-650typerotor). Themyelin fraction was collected
by aspiration off and the synaptosomal band at 7.5—
12% wi/w Ficoll interphase was collected by aspiration,
diluted threefold with isolation medium, and centri-
fuged at 288 X 10° g-min. The purified “free” mito-
chondrial pellet was resuspended in buffered sucrose
0.32 M, pH 7.4, and pelleted at 162.4 X 10° g-min.
The pellet was resuspended in the same solution.

Preparation of Intrasynaptic Mitochondria

The synaptosomal pellet (previously isolated
from Ficoll—sucrose gradient) was lysed by resuspen-
sion in 6 mM TrissHCI, pH 8.1 medium, by soft
homogenization (Villa et al., 1989b). The lysate was
then centrifuged at 399 X 10° g-min and the pellet
was again resuspended and centrifuged at 192.6 X 10°
g-min. The pellet was resuspended in a medium (3%
w/w Ficoll, 0.12 M mannitol, 30 mM sucrose, 25 uM
EDTA-K*, 5 mM Tris-HCI, pH 7.4). This suspension
was layered on a Ficoll discontinuous gradient con-
sisting of two layers of 4.5% w/w Ficoll in 0.24 M
mannitol, 60 mM sucrose, 50 WM EDTA-K*, 10 mM
Tris-HCI, pH 7.4 and, at the bottom, of 6% w/w Ficoll
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in the same solution. This gradient was centrifuged at
280.2 x 10° g-min. At the end of this centrifugation,
the upper phase (“light” intrasynaptic mitochondrial
fraction) was aspirated and pelleted at 166.5 X 10°
g-min. The pellet of this centrifugation and that from
the gradient (“heavy” intrasynaptic mitochondrial frac-
tion) were separately resuspended in 0.32 M sucrose-
buffered solution (pH 7.4) and centrifuged at 162.4 X
10% g-min. The washed pellets were finally resus-
pended in the same washing solution.

Biochemical Assays
Cytochrome Contents

The cytochrome contents were evaluated by the
differential spectra (dithionite reduced minusferricya-
nide oxidized in the presence of 1% deoxycholate) in
a Beckman DU-640 spectrophotometer according to
Vanneste (1966) and as previously indicated (Battino
et al., 1991).

Coenzyme Qg and Qg (CoQg, CoQyg) Contents

After extraction with methanol and light petro-
leum, according to the method of Kroger (1978), mito-
chondria were assayed for CoQ contents by reversed-
phase HPLC analysis as previously reported (Battino
et al., 1990, 1991, 1995) in a Beckman System Gold
equipped with a Diode Array detector and performing
separations at 25°C using a Spherisorb S5 ODS |
column.

Hydroperoxides

Theferrous oxide xylenol orange (FOX2) method
was used for determining hydroperoxides (HP). HP
levels were assayed according to the principle of the
rapid peroxide-mediated oxidation of Fe** to Fe**
under acidic conditions (Jiang et al., 1992), dlightly
modified (Nouroz-Zadeh et al., 1994), using tryphe-
nylphosphine (TPP), an agent that avoids artifactua
color generation in samplesthat might contain substan-
tial quantities of loosely available iron. Briefly, mito-
chondria (0.1 mg) were incubated at 37°C for 30 min
with and without 1 mM TPP. FOX2 reagent was then
added to each sample and incubated again at 37°C for
30 min in a water shaking bath. After centrifugation
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(2000 X g for 5 min) the supernatants were monitored
at 560 nm. Moreover, the samples were also chal-
lenged, in vitro, by further peroxidative attack, in order
to elucidate the maximal levels of peroxidative modifi-
cation they can undergo. Thiswas attained by incubat-
ing mitochondria at 37°C for 30 min in the presence
of 2 mM 2,2'-azobis(amidinopropane hydrochloride)
(AAPH), a chemical free-radical initiator.

Fatty Acid Composition

Mitochondrial fatty acid composition was deter-
mined, as described by Lepage and Roy (1986), after
transesterificationin aHewlett Packard HP 5890 Series
I chromatograph, using a60-m long capillary column,
32-mm id and 20-mm thickness impregnated with Spy
2330 FS (Supelco Inc. Bellefonte, Pao Alto, CA,
USA). Mitochondrial fatty acids patterns were calcu-
lated on a percentage basis as well as the relative
contents of saturated fatty acids (SFA), unsaturated
fatty acids (UFA), monounsaturated fatty acids
(MUFA), polyunsaturated fatty acids (PUFA), or the
unsaturation index (Ul).

Protein Determination

The protein content of samples was measured by
the method of Lowry et al. (1951) using bovine serum
albumin as standard.

Phosphorus Determination

Phospholipid phosphorus was determined using
the method of Marinetti (1962).

Satistical Analysis

The ANOVA test was used to evaluate interac-
tions between control and LAC-treated animals, for
each mitochondria fraction, and for each biochemical
parameter tested. Homogeneity of variance was
checked by L evene'stest. When significant differences
were detected (p < 0.05), Scheff&'s test was used for
apost hoc comparison. All tests were performed using
a PC Statistical Package (SPSS).
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RESULTS

As in the original work for the subfractionation
of these mitochondria from hippocampus (Villa et al.,
1989h), the purity of these mitochondria obtained from
cerebral cortex was assessed by the evaluation of lac-
tate dehydrogenase (Bergmeyer and Bernt, 1974), as
a cytoplasmic (or synaptoplasmic) marker (Johnson
and Whittaker, 1963), and acetylcholinesterase (Ell-
man et al., 1961), as a synaptic plasma membrane
and membrane material marker enzyme (Cotman and
Matthews, 1971). Actual high-purity mitochondria
should display low activity of the marker enzymes. The
lactate dehydrogenase activity here was equal to 0.07
and 0.1% of homogenate for “light” and “heavy” mito-
chondria, respectively; acetylcholinesterase activity
was equal to 0.4% for both “light” and “heavy” mito-
chondria, confirming that the purity of these mitochon-
dria was the same for both “light” and “heavy” ones
obtained from the hippocampus (Villa et al., 1989b)
and comparable to values reported previously by us,
obtained from frontal cerebral cortex of rat brain
(Vanella et al., 1989).

The cytochrome concentrations were investigated
by their differential spectra only in nonsynaptic mito-
chondria because the intrasynaptic mitochondrial frac-
tions were quantitatively insufficient for these
determinations. The shape of the absorbance spectra
obtained is typical for nonsynaptic mitochondria: in
fact, cytochrome ¢ + ¢;, b and a + a; revealed net
and sharp absorbance maximaat 550, 561, and 605 nm,
respectively. LAC treatment did not affect cytochrome
contents at both LAC concentrations used. Figure 1
shows that cytochrome ¢ + ¢4, b, and a + a3 levels
of FM mitochondria did not significantly change after
28 days drug administration.

The limited amount of samples available made it
possible to investigate the CoQ,, contents of FM only.
Total mitochondrial CoQ (i.e., CoQg + Co0Q4g), Was
not affected by LAC treatment (Fig. 2); however,
although it is not significant, alower CoQ amount was
found with aLAC dose of 30 mg/kg and such a pattern
issimilar to the onefound for CoQg and CoQ;, contents
(Fig. 2). While the former is still not significant, the
latter is (p < 0.05) and the CoQ,y/CoQ, ratio did
not change (data not shown) as its value was aways
between 0.53 and 0.55.

HM had the highest HP contents (Fig. 3a), about
30% more than FM and LM (p < 0.05); HP in LM
were higher than in FM, but the differences were lim-
ited. LAC treatment did not induce changes of the
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Fig. 1. Cytochromec + ¢, b, and a + a; concentrations expressed
in nmoles X mg (of mitochondrial protein)~! as assayed on the
nonsynaptic “ Free” (FM) mitochondrial fraction from left-side cere-
bral cortex of Sprague-Dawley ratsaged 4 months: Control (vehicle:
CTRL) and treated by L-acetylcarnitine at the dose of 30 and 60
mg/kg/day body wt for 28 days. Values represented as means +
SEM (n = 11). The statistical analysis was performed as indicated
in the text.

basal concentration of HP in any of the three subpopu-
lations of mitochondria. The extent of AAPH-induced
peroxidation differed among the different kinds of
mitochondria with the highest values found in FM and
the lowest onesin HM (p < 0.05 for FM versus LM,
FM versus HM, and LM versus HM) (Fig. 3b). In fact,
FM increased from about 0.09 to about 0.28 pmol/mg
protein; values for LM were from about 0.1 to about
0.24 wmol/mg protein and, finally, HM changed from
about 0.145 to about 0.2 pwmol/mg protein. Again,
LAC treatment did not have any influence on these
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Fig. 2. Coenzyme Q,, coenzyme Q,, and total coenzyme Q con-
centrations expressed in nanomoles X milligram of mitochondrial
protein~?! as assayed in the mitochondrial fraction indicated in Fig.
1. Values represented as means = SEM (n = 11). Means with
different superscripts are significantly different (p < 0.05). The
statistical analysis was performed as indicated in the text.
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Fig. 3. (@) Native hydroperoxide concentrations expressed in
micromoles X milligram of mitochondrial protein* as assayed
on the nonsynaptic “Free” (FM), intrasynaptic “Light” (LM), and
“Heavy” (HM) mitochondrial fractions from left-side cerebral cor-
tex of 4-month-old Sprague-Dawley rats: control (vehicle: CTRL)
and treated by L-acetylcarnitine at a dose of 30 and 60 mg/kg/day
body wt for 28 days. Values represented as means = SEM (n =
11). Means with different superscripts are significantly different (p
< 0.05). The statistical analysis was performed as indicated in the
text. (b) Hydroperoxide levels after AAPH-induced peroxidation.
Samples and abbreviations as in (a). (c) Evaluation of proneness
to oxidation of the different mitochondrial populations, i.e., amount
of hydroperoxide that depends on the in vitro oxidation; samples
and abbreviations as in (a).
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biochemical parameters. The effects produced by
AAPH are even more evident in Fig. 3c, where the
amount of HP due to the AAPH action is taken into
account. The differences are more pronounced than in
Fig. 3b: HM proneness to peroxidation was 30 and
25% of LM and FM, respectively (p < 0.05). In addi-
tion, LM evidenced alower susceptibility to oxidation
than FM (p < 0.05). Once again, LAC did not modify
these parameters.

LAC administration, however, partialy influ-
enced HP/CoQ molar ratio: it appears that the pharma-
cological treatment had the tendency to increase the
ratio at the dose of 30 mg/kg while the higher dose is
ineffective (Fig. 4a). Such a tendency is confirmed
when the peroxidation is stimulated with AAPH. In
this situation, either the amount of induced HP or the
evaluation of sample oxidizability (Fig. 4b,c, respec-
tively) indicate that a LAC dose of 30 mg/kg signifi-
cantly increased HP/CoQ molar ratio (p < 0.05 for
control versus 30) while the effect elicited by 60 mg/
kg was less evident and not statistically different.

Mitochondrial fatty acid profile (each fatty acid
amount is expressed as percentage of total fatty acids)
isshownin Tablel. Onceagain, pharmacological treat-
ment did not significantly alter the relative fatty acid
content in each subpopulation. On the one hand, very
significant differences were found among mitochon-
drial subpopulations, often irrespective of the pharma
cological administration. The fatty acids that appeared
to present the most drastic differenceswere 14.0, 18:0,
20:4n-6, 22:4n-6, 24:1n-9, 22:5n-6, and 22:6n-3 when
FM and LM were compared with HM. In percentage,
HM contained six times more 22:5n-6 and 22-6n-3
than FM and LM, three times more 14:0, 22:4n-6, and
24:1n-9, two times more 20:4, 20% more 16:0 and
22:5n-3, and, finally, 25 and 65% less 18:1 and 18:0,
respectively. On the other hand, 16:1, 18:2n-6, 18:3n-
6, 18:3n-3, 20:2n-6, 20:3n-6, 20:5n-3, and 24:0 com-
pletely lacked in HM patterns. Table 1l shows that
similar indications are evident a so from the most com-
mon and useful indexes in fatty acid composition
analysis. In fact, SFA, UFA, MUFA:PUFA, PUFA(n-
6), PUFA(n-3), Ul, SFA/UFA(n-6), and 18:1/18:0 dif-
fered significantly in FM, or LM, with respect to HM.
The fatty acid analysis was aways performed on the
basis of the same sample amount (i.e., 100 wg mito-
chondria protein). However, dramatic qualitetive, as
well as quantitative, differences were found in fatty
acid patterns between the mitochondrial subpopula
tions. The total fatty acid amount in HM was about
20% of that assayed in the corresponding FM, or LM,
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Fig. 4. (a) Native hydroperoxide/coenzyme Q ratios as calculated
for the nonsynaptic “Free” (FM) mitochondrial fraction from left-
side cerebral cortex of 4-month-old Sprague-Dawley rats: control
(vehicle: CTRL) and treated by L-acetylcarnitine at a dose of 30
and 60 mg/kg/day body wt for 28 days. Values represented as means
+ SEM (n = 11). Meanswith different superscripts are significantly
different (p < 0.05). The statistical analysis was performed as
indicated in the text. (b) Hydroperoxide/CoQ ratios after AAPH-
induced peroxidation. Samples and abbreviations as in (a). (c)
Evaluation of pronenessto oxidation of the FM fraction considering
the in vitro peroxidation-induced changes in the hydroperoxide/
CoQ ratios; samples and abbreviations as in (a).



Tablel. Mitochondria Fatty Acid Patterns®

FM Cont FM 30 FM 60 LM Cont LM 30 LM 60 HM Cont HM 30 HM 60
(n = 10) (n = 11) (n=19) (n=16) (n=5) (n=6) (n=7 n=7 (n=38) Stetistical analysis
a b c d e f g h i (p < 0.05)

14:0 22+005 196 +007 233+x007 251+032 228=01 217 = 006 7.67 =247 606 =21 421 + 14 —
16:0 35+ 025 3498+ 025 3518+ 038 3837 +06 3735+ 154 3672+ 069 4643 628 4423*6.16 4131 =* 6.95 —
16:1 193+ 015 159+ 014 205*=013 238=x0.15 23+015 213 +017 n.d.p n.d. n.d. —
18.0 3443 = 029 3433+ 022 3373+ 04 2942 = 122 29.04 = 0.87 29.63 = 15 10.16 = 209 1085+ 1.71 10.32 = 1.56 gvs. adbvs. eh; evs. hivs. cf
181 1141 + 009 1168 +0.17 1112+ 016 1041+ 05 1118+ 029 11.27 += 045 86 + 139 1038 * 1.7 9.64 = 1.74 —
182n-6 205+ 0.08 206+ 007 209=*006 199 =01 208 = 012  2.05 = 0.03 n.d. n.d. n.d. —
183n6 076 004 078006 079*004 09 =005 113*+009 091+ 0.07 n.d. n.d. n.d. bvs e
183n-3 072+008 079+011 066=*006 098=*011 094=*008 124+ 017 n.d. n.d. n.d. bvs. elcvs. f
20:2n-6 053 +0.04 059=*004 059=*005 094 =01 102 =017 1.04 = 013 n.d. n.d. n.d. avs. dbvs. elcvs. f
20:3n-6 0.74+0.08 068+ 005 073*=007 076 =* 011 0.7+ 011 076 = 0.07 n.d. n.d. n.d. —
2014n-6 166 +=0.06 166009 177 =008 18 *+022 206+028 191+029 318=*051 411=*065 3.63=0.72 g vs. adh vs. beli vs. cf
20:5n-3  0.87 £ 0.04 0.92 = 0.05 0.96 = 0.06 176 = 0.16 1.86 = 0.25 158 = 0.28 n.d. n.d. n.d. avs. dbvs e
22:4n-6 167 =007 179*+006 189 *011 169+ 015 178+ 0.2 197 =027 455*+082 497 +081 541+ 0.77 g vs. adh vs. beli vs. cf
24:0 0.92 = 0.06 11+01 097 =011 122 =013 14 =022 14 = 023 n.d. n.d. n.d. —
24:1n-9  0.89 = 0.07 0.83 = 0.05 0.84 = 0.05 101 = 0.17 1.01 = 0.07 1.02 = 0.12 258 = 0.6 2.74 = 051 4.67 = 1.05 gvs. ad/h vs. bl vs. cf
225n-6 112 +0.07 125+011 111+ 008 1.00 = 0.3 101+ 014 1.09 = 0.2 6.97 =159 721 =126 9.73 = 1.69 g vs. adh vs. beli vs. cf
22:5n-3 175+ 006 1.74+008 173+0.09 162+ 013 1.76=* 0.12 19+019 216+ 045 222 * 0.36 39+ 064 evs hlivs. c
22:6n-3 134 *015 128+013 146=*=016 119=*01 1.09 = 0.15 12+021 769*18 722+138 718 143 gvs. adh vs. beli vs. cf

aFatty acid amount is expressed in percentage of total fatty acids. Data are means = SEM; n = 11.
b n.d., not detectable.
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Tablell. Parameters Obtained from the Mitochondrial

Fatty Acid Patterns®

0LT

FM Cont FM 30 FM 60 LM Cont LM 30 LM 60 HM Cont HM 30 HM 60
(n = 10) (n = 11) (n=29) (n=6) (n=5) (n = 6) (n=7) (n=7) (n=38) Statistical analysis
d b c d e f g h i (p < 0.05)

SFA 7255 + 044 7237 =035 7221 +039 7152+ 093 70.07 *x 174 6993 = 1.67 64.26 + 6.73 61.15 * 6.46 5584 * 6.84 hvs. b,eli vs. ¢,f
UFA 2745 *+ 044 2763 = 035 27.79 + 0.39 2848 = 0.93 29.93 + 1.74 30.07 = 1.67 3574 + 6.73 3885+ 646 44.16 * 6.84 hvs. beli vs. cf
MUFA 1423 = 0.17 14.09 £ 0.25 1402 = 019 13.79 £ 051 1449 = 038 14.42 + 047 1118 =191 1312 + 214 143 = 227 —
DUFA 259 =009 265*+008 268+005 293=*0.13 31+026 31+ 015 —
MUFA:DUFA 555+ 016 534 +008 524+0.1 477 £ 029 479034 471+026 —
MUFA:PUFA 108 =002 105+ 003 103*+005 097 *009 097=*008 098=+011 048002 052+002 048=*001 gvs adhvs belivs cf
PUFA(n-6) 854 = 0.21 88 = 0.2 898+ 023 915+069 97809 972*+09 147+ 274 1629 267 1877 + 291 gvs. ahvs. bl vs. cf
PUFA(n-3) 4.68 = 0.2 4.73 = 017 48 029 554+043 566 =05 593 + 067 9.86+232 944+ 173 11.08=* 174 gvs ahvs belivs cf
PUFA > 18C(n-6) 573+ 013 597019 6.09=* 024 62=*071 656 *079 6.76 = 092 —
PUFA > 18C(n-3) 3.96 = 0.2 394+ 018 414+025 456+033 472*+051 469 = 059 —
ul 091 +002 093+002 095=+003 099=+007 107=*011 109+ 013 8865+ 165 9745+ 159 1196 + 175 gvs adhvs beli vs. cf
SFA/MUFA 265+ 006 263+ 0.05 26+ 005 253+x011 239=*02 238+ 019 258+ 071 217 = 0.63 1.7 = 041 hvs. beli vs. c
20:4/18:2 085+ 006 079+005 08 003 094=*015 097*+01 093=013 —
18:1/18:0 033+001 033+001 033+x001L 035*001 039+002 038*+002 08 =005 095=*002 091=+004 gvs adhvs beivs cf

a Fatty acid amount is expressed in percentage of total fatty acids.

Data are means = SEM; n = 11.
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Brain Mitochondrial Heterogeneity

subpopulations. In fact, if the quantitative value of
control FM fraction is taken as a reference value, the
HM fractions, regardless of the pharmacological treat-
ment, displayed decreases of 75% or more. The analy-
sis of phospholipid phosphorus revedled that no
differences in phosphorus content were present in any
of the mitochondria groups assayed (data not shown).

DISCUSSION

Most of the studies on brain mitochondria have
been carried out using pooled whol e brain hemispheres
or cortex. However, the brain is made up of heteroge-
neous tissue varioudly distributed in different zones
with distinct metabolic activities responsible for
diverse functions (Villa et al., 1989a). Even more sig-
nificance should be given to these considerations when
subcellular investigations are made (Villaet al., 19893,
b; Battino et al., 1991, 1995, 1997). Evidence was
found supporting abiochemical diversity between peri-
karyal and intrasynaptic mitochondria, athough the
nature and significance of the differences were not
clear, especially with regard to diversity between intra-
synaptic mitochondria (Vanella et al., 1989). Specific
attention was devoted to the microheterogeneity of
intrasynaptic mitochondria. The results of previous
investigations (i.e., loss of antioxidant molecules,
decrease in several enzymic activities) suggest that
HM may represent an aged mitochondrial population
characterized by a partial impairment of typical mito-
chondria function (Battino et al., 1991, 1995, 1997).

The results of the present work may sustain the
above-mentioned hypothesis. In fact, HM actualy
showed the higher content of native HP. In other words,
they appeared to be the most oxidatively prejudiced
among the subpopul ations studied (Fig. 3a). Thelowest
level of oxidative damage was found in FM, but the
relative higher contents in LM was never significant.
Such limited differences between FM and LM are in
accordance with previous indications on either res-
piratory chain activities (succinate: cytochrome c oxi-
doreductase, succinate dehydrogenase, ubiquinol:
cytochrome ¢ oxidoreductase, and cytochrome oxi-
dase) or CoQq CoQo contents (Battino et al., 1991).
The fact that HM are the most damaged mitochondria
could fit perfectly with the very low enzymic activities
and low antioxidant contentstypical of this subpopula
tion. The data of Figs. 3b, ¢ confirm further the above
indications. The three mitochondrial subpopulations
were exposed in vitro to the action of a free-radical
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initiator in order to elicit the maximum possible peroxi-
dative damage to their structure. Results from this
challenge indicate (Fig. 3b) that three statistically dif-
ferent extents of peroxidation were reached. FM
reached a200% increase in relation to HP basal levels,
LM increments were lower but still remarkable (about
150%), and, finally, HM only increased by about 30%.
The reasons for such behavior should be ascribed to
two main facts: (1) the peroxidizable materia (i.e.,
PUFA) of HM populations is, in its mgjority, aready
naturally highly oxidized; (2) the lipid/protein ratio is
lower in HM thanin LM and FM. Point (2) is partially
an effect of what occurred in (1): it is reasonable that
at least a part of the oxidized and damaged fatty acids
are eliminated by the appropriate cellular devices,
especiadly in young rats. However, the efficiency of
these mechanisms may be limited with age and the
large extent of modifications occurring in HM at a
membrane level cannot be completely repaired in this
way, thus producing an accumulation of injuries. A
highly oxidized, functionally jeopardized, physically
heavy organelle could bethefinal result of the progres-
sive augmentation of noxious stimuli during the life-
span of synaptic mitochondria that we usually isolate
as HM.

Fatty acid analysis could a so support this hypoth-
esis. The mere comparison of gas chromatograms
obtained from HM and LM (or FM) showed that some-
thing dramatic had occurred in HM. From a quantita-
tive point of view, about 75% of the total amount of
fatty acids were lacking in HM profile. Moreover, the
pattern of the remaining fatty acids completely differed
from LM (and FM) from a qualitative point of view.
An analysis of phosphorus content per mitochondrial
protein did not reveal any variation among the mito-
chondrial fractions. Thisindicates that part of the fatty
acids were taken away from their respective phospho-
lipids or that HM membranes had, in some way, “lost”
part of their fatty acids. This is, indeed, more evident
when accounting for the atered lipid/protein ratio of
HM respect to LM. In addition, theremaining few fatty
acids are saturated or highly polyunsaturated (Tablel).
Fatty acids with a high level of polyunsaturation are
highly oxidized (as demonstrated above) or haveahigh
susceptibility to be completely oxidized. The MUFA/
PUFA ratio (Table 1), usually an index of the mem-
brane susceptibility to peroxidation, was only half in
HM compared to LM or FM. The correlation between
the MUFA:PUFA index in membrane and the ability
of thelatter to withstand li pid peroxidation is supported
by previous works on different conditions causing oxi-
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dative stress (Huertas et al., 1991, Mataix et al, 1998)
and could even be more important than the net PUFA
content itself. Several more indexes were also signifi-
cantly modified (Tablell), some of whichinadramatic
manner, particularly Ul, which was found to be three
orders of magnitude greater in HM than LM. The ratio
18:1/18:0 and 20:4/18:2 indexes are product precursor
ratios for the reactions controlled by A-9 desaturase,
in the first case, and A-5 and A-6 desaturases, in the
second, and are used as indexes for the activity of
these enzymes. In the case of 18:1/18:0, this index
underwent a threefold increment in HM, suggesting
that these mitochondria are aso affected by altered
relationships with such cellular enzymes. The high
proportion of PUFA in HM mitochondria, together
with the modifications on the saturated fraction, could
be both part of a higher regulation mechanism. In this
sense, other authors (Periago et al., 1990) and our
group (Huertas et al. 1992; Quiles et al., 1999) have
previously described how mitochondrial membranes
are able to modify their fatty acid profile to maintain
a constant membrane fluidity. This hypothesis agrees
with the substitution of saturated fatty acid in the mem-
brane by PUFA, which is less rigid than the former.
In the same way, this mechanism could be a conse-
quence of the previously reported loss in enzymic
activities in HM mitochondria because of the aging
imbalance in this population. In summary, the mito-
chondria could modify the composition of their mem-
brane in order to maintain functionality. However,
these changes are not sufficient to counterbalance the
accumulated damages; indeed, they contribute to the
same by increasing the oxidizability of the membrane.

The cytochrome contents of FM fraction agree
with previous data (Fig. 1). However, data indicate
higher, athough not significant, levels of all cyto-
chromes in the present study. Once again, the high
degree of brain heterogeneity probably accounts for
them. The case of cytochromesin FM is emblematic
e.g., cytochrome ¢ + ¢; content is about 70% higher
in striatum (or about 50% higher in hippocampus) than
in right-side cerebral cortex FM (Battino et al., 1991).
The data of the present study were obtained from the
analysis of left-side cerebral cortex mitochondria and
reveal ed constant, moderately higher, cytochrome con-
tents than FM from right-side cerebra cortex indicat-
ing that a macroheterogeneity also exists between
cerebral functional areas (Villa et al., 1989a).

As far as CoQ content in FM is concerned, the
data (Fig. 2) reflect the same situation found in the
case of cytochromes. Briefly, minor differences were

Battino et al.

found (an increment of about 12% for CoQg and about
18% for CoQ,o) compared to results concerning right-
side cerebral cortex (Battino et al., 1991). However, the
CoQ,o/CoQq ratio was practically unaffected (between
0.53 and 0.55) by such minor differences and isidenti-
cal to those calculated in previous studies for rats of
the same age. It is worthwhile to consider that despite
the variations due to brain heterogeneity, the CoQqo/
CoQq ratio remains sufficiently constant regardless of
the brain area and the mitochondrial fraction consid-
ered (Battino et al., 1991, 1995, 1997). It seems that
such constant ratio could be critical for minimal effi-
ciency of themitochondrial machinery (Battino, 2000).

The only parameters that appeared to be signifi-
cantly affected by LAC administration were the HP/
CoQ ratio and CoQ,g levels. A similar, but opposite
trend (without statistical significance), was found both
for CoQq and basal HP/CoQ values. Partial modifica-
tion of HP/CoQ ratio after pharmacological treatment
has already been found (Battino et al., 1996). The
tendency for HP/CoQ ratio to increase (and concomi-
tantly for CoQ to decrease) and subsequently recover
the basal level might beinterpreted as the consequence
of theinitial ateration of cellular steady-state function
followed by induction phenomena tending to reestab-
lish the primitive situation. This defensive device,
along with other similarly activated systems, such as
glutathione peroxidase (Scarpa et al., 1987), is wide-
spread in rat brain.

The present work collects a large body of evi-
dence in the sense that a subchronic LAC treatment
for 28 days does not structurally affect both nonsynap-
tic and intrasynaptic mitochondria of normal rat in
steady-state metabolic condition because, probably, the
influence of LAC resides only at a functional level,
influencing some specific mitochondrial enzymatic
activities (Gorini et al., 1998). In addition, because the
free mitochondrial fraction also contains mitochondria
from glia (Villaet al., 1989b) the higher susceptibility
to peroxidative stress may be of importance during the
devel opments of sequelae from noxious stimuli. In this
sense, the possibility of having three mitochondrial
populations from the same animals, may be a very
interesting pharmacol ogical model with which to eval-
uate the effects of drugs acting on peroxidative pro-
cesses (Villa and Gorini, 1997).
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