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Differential screening of gerbil brain hippocampal cDNA librar-
ies was used to search for genes expressed in ischemic, but
not normal, brain. The methylmalonyl-CoA mutase (MCM)
cDNA was highly expressed after ischemia and showed a 95%
similarity to mouse and 91% similarity to the human MCM
cDNAs. Transient global ischemia induced a fourfold increase
in MCM mRNA on Northern blots from both hippocampus and
whole forebrain. MCM protein exhibited a similar induction on
Western blots of gerbil cerebral cortex 8 and 24 hr after isch-
emia. Treatment of primary brain astrocytes with either the
branched-chain amino acid (BCAA) isoleucine or the BCAA
metabolite, propionate, induced MCM mRNA fourfold. In-
creased concentrations of BCAAs and odd-chain fatty acids,
both of which are metabolized to propionate, may contribute to
inducing the MCM gene during ischemia.
Methylmalonic acid, which is formed from the MCM substrate

methylmalonyl-CoA and which inhibits succinate dehydrogenase

(SDH), produced dose-related cell death when injected into the
basal ganglia of adult rat brain. This neurotoxicity is similar to that
of structurally related mitochondrial SDH inhibitors, malonate and
3-nitropropionic acid. Methylmalonic acid may contribute to neu-
ronal injury in human conditions in which it accumulates, including
MCM mutations and B12 deficiency. This study shows that
methylmalonyl-CoA mutase is induced by several stresses, in-
cluding ischemia, and would serve to decrease the accumulation
of an endogenous cellular mitochondrial inhibitor and neurotoxin,
methylmalonic acid.
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Cells can respond to metabolic stress by altering gene expression.
The inducible HSP70 heat–shock protein is expressed after a
variety of cellular stresses, including heat–shock and ischemia
(Brown et al., 1989; Gonzalez et al., 1989; Nowak et al., 1990;
Kinouchi et al., 1993; Lindquist, 1994). Low glucose and oxygen
and high intracellular calcium induce the glucose-regulated pro-
teins (Lee and Bondy, 1993; Massa et al., 1995, 1996; Vannucci et
al., 1996). In the present study, differential screening of brain
cDNA libraries was used to identify other genes that are induced
during cerebral ischemia. The hippocampus was examined, be-
cause this structure is particularly vulnerable to global ischemia
(Kirino, 1982; Kirino and Sano, 1984). One of the identified
clones coded for the enzyme methylmalonyl-CoA mutase (MCM).
MCM is a mitochondrial enzyme with homodimer subunits

between 72,000 and 79,000 Da (Kolhouse et al., 1980; Fenton et
al., 1984). Branched-chain amino acids (BCAA) and odd-chain
fatty acids are metabolized to propionate, which then is carboxy-
lated to methylmalonyl-CoA (Rosenberg, 1983; Dickson et al.,
1994). MCM metabolizes methylmalonyl-CoA to succinyl CoA
(Kolhouse et al., 1980; Rosenberg, 1983; Fenton et al., 1984).

The human and mouse MCM genes have been cloned and
sequenced. Mutations of the MCM gene (Ledley et al., 1988,
1990; Ledley, 1990; Wilkemeyer et al., 1990) result in accumu-
lation of methylmalonic acid (Gebarski et al., 1983; Matsui et
al., 1983). The severe metabolic and neurological abnormalities
and rapid death that occur shortly after birth in patients with
no MCM activity indicate that the MCM enzyme is essential for
normal brain development (Matsui et al., 1983; Rosenberg,
1983; Ostergaard et al., 1991; Sum et al., 1993). Although the
mechanism of the neurotoxicity has not been resolved, recent
studies have shown that methylmalonic acid inhibits succinic
acid dehydrogenase (SDH) and thereby interferes with Kreb’s
cycle and mitochondrial electron transport function (Dutra et
al., 1991, 1993; Wajner et al., 1992; Toyashima et al., 1995).
This led us to postulate that methylmalonic acid might cause
neural cell death, because the structurally related SDH inhib-
itors, malonate and 3-nitropropionic acid, kill neurons in cell
culture and in vivo in both experimental animals and humans
(Gould and Gustine, 1982; Hamilton and Gould, 1987; Ludolf
et al., 1991, 1992; Riepe et al., 1992; Beal et al., 1993a–c, 1994;
Greene et al., 1993; Henshaw et al., 1994; Wullner et al., 1994;
Behrens et al., 1995; Fu et al., 1995a,b; Greene and
Greenamyre, 1995a,b; He et al., 1995; Kirschner et al., 1995;
Zeevalk et al., 1995).
The gerbil brain MCM cDNA was sequenced, and Northern

and Western blotting were used to confirm that MCMmRNA and
protein were induced after brain ischemia. The possible mecha-
nism of MCM induction was explored by determining whether
metabolic precursors of methylmalonyl-CoA induce MCM
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mRNA. Finally, the possibility that methylmalonic acid was neu-
rotoxic was examined by injecting it into adult rat basal ganglia.
The data suggest that MCM expression may be regulated by
BCAA and other sources of propionate. MCM induction would
decrease the accumulation of toxic metabolic intermediates, like
methylmalonic acid, which would interfere with normal oxidative
cellular function and contribute to cell death during periods of
stress, including ischemia.

MATERIALS AND METHODS
Transient forebrain ischemia. Adult male Mongolian gerbils (Tumble-
brook Farm, West Brookfield, MA), anesthetized with isoflurane, had
both common carotid arteries occluded with microvascular clamps for 10
min (Kirino and Sano, 1984). Rectal temperature was maintained at 378C
throughout the procedure. Sham-operated animals had the carotids iso-
lated without carotid occlusion. At various times after ischemia (4, 8, 24
hr) animals were deeply anesthetized with isoflurane and decapitated.
Brains were removed rapidly. The hippocampi were dissected, frozen on
dry ice, and kept at 2858C until processed.
cDNA library construction. Poly(A1) RNA was isolated from hippocampi

24 hr after ischemia by the Micro-fast track mRNA isolation kit (Invitrogen,
San Diego, CA). cDNA was prepared from 2 mg of mRNA (BRL cDNA
synthesis kit, Bethesda, MD). The cDNA was methylated with EcoRI,
blunted with T4 DNA polymerase (Promega, Madison, WI), and ligated to
phosphorylated EcoRI linkers (Pharmacia, Piscataway, NJ). The EcoRI
digest was size-selected by agarose gel electrophoresis. cDNA ranging in size
from 0.3 to 6.0 kb was selected and ligated into the lZAPII cloning vector
and packaged into phage in vitro with a Gigapack Gold packaging kit
(Stratagene, La Jolla, CA). A similar library was constructed from hippocam-
pus of sham-operated “normal” gerbils.
Differential screening of library. The libraries were plated by infecting

XL-I blue bacteria at a density of 300 plaques/150 mm plate. Three
plaque lifts onto nitrocellulose filters were done for each plate. Two lifts
were probed with 32P-labeled ischemic riboprobe and one with 32P-
labeled riboprobe of sham-operated animals. Plaques that showed high
levels of hybridization with the ischemic probe and low levels with the
sham probe were isolated for further characterization. Plasmids from the
plaques of interest were isolated by using the in vivo excision procedure
(Stratagene). The purified plasmids were rescreened by slot-blot hybrid-
ization with sham and ischemic radiolabeled cDNA probes. The clones
were sequenced with a Sequenase kit (United States Biochemicals, Cleve-
land, OH).
Northern analysis. The mRNA samples from hippocampus, cortex,

stomach, heart, kidneys, and liver of sham and ischemic gerbils were
electrophoresed on a formaldehyde-denaturing 1.2% agarose gel and
blotted onto nylon membranes (Maniatis, 1987). The RNA was immobi-
lized on the membrane by UV cross-linking. Then the blots were hybrid-
ized in a solution containing 50% formamide, 53 SSC, 53 Denhardt’s,
1% SDS, and 0.5 mg/ml denatured salmon sperm DNA along with
random-primed 32P-labeled 500 bp HindIII fragment of MCM cDNA as
a probe. The membranes were washed in 23 SSC and 0.1% SDS. For the
ischemic brain Northern, a 51 base antisense oligodeoxynucleotide to
MCM (bases 1360–1471; sequence underlined in Fig. 1) 59- TGG CAT
TCC ACC CAT TTC TTC AAC CTC ATG TAT CAG CTT CAG AGC
AGC TTC -39 was 39 end-labeled with 32P-dATP (NEN, Boston, MA)
and terminal deoxynucleotidyl transferase (BRL) and was purified in an
NEN push column. An oligodeoxynucleotide complementary to cyclophi-
lin A (CYC) was used as a control.
Poly(A1) mRNA samples from different developmental times of rat

brains were similarly extracted, electrophoresed, and blotted on nylon
membranes. The membranes were hybridized as described above by using
the randomly primed 32P-labeled MCM cDNA as a probe. The optical
densities of the MCM and cyclophilin (CYC) bands on all Northern blots
were measured with an MCID computer-based imaging system. The
MCM/CYC ratios were compared in ischemic versus control brain, in
brain at different developmental ages, and for astrocytes treated as
described in the next section.
Astrocyte cultures. Astrocytes were prepared according to Hertz (Hertz

et al., 1985; Hertz, 1990) with modification (Swanson and Sharp, 1992).
One-day-old Sprague Dawley rats (Simonsen, Gilroy, CA) were anesthe-
tized with isoflurane and decapitated. The cortices were dissected free of
meninges, minced, and placed in Ca21/Mg21-free HBSS containing 20
units/ml papain and 0.5 mg/ml DNase I for 30 min. The cells were

centrifuged and suspended in Eagle’s essential medium containing 10%
fetal bovine serum (HyClone, Ogden, UT) and 2 mM glutamine. Cell
dissociation was completed by trituration through a fire-polished glass
pipette. The cells were plated in flasks at a density of ;1 3 109 cells/flask
and incubated at 378C in a humidified 5% CO2 chamber. Cultured cells
became confluent at 12–15 d in vitro, at which time 20 mM cytosine
arabinoside was added to arrest proliferation of other cell types. The
medium was exchanged after 48 hr with fresh medium containing 2.5%
fetal bovine serum and 2 mM glutamine plus 0.15 mM dibutyryl cAMP to
induce differentiation (Hertz, 1990). The study was repeated on cells
from four different batches of astrocyte cultures at 25–34 d in vitro.
Propionate and amino acid treatments. Propionate (5 and 0.5 mM),

valine (2 and 0.2 mM), or isoleucine (2 and 0.2 mM) (Sigma, St. Louis,
MO) were added to three different sets of astrocyte flasks (pH 7.2,
DMEM). Astrocytes in DMEM medium without propionate, isoleucine,
or other branched-chain amino acids were used as controls. The astro-
cytes were harvested 72 hr later, and mRNA was extracted. The RNA was
processed and immobilized onto a nylon membrane as described above.
The membrane was probed with 500 bp HindIII fragment of MCM cDNA
by the hybridization procedure detailed above.
Western analysis. Protein was extracted from control and ischemic

cortices and hippocampi of gerbils in Laemmli buffer. The proteins were
denatured by boiling. Cellular proteins were separated by 10% SDS-
PAGE. The proteins were transferred to a PVDF membrane (Strat-
agene) by electroblotting at 60 V for 3 hr and blocked overnight in 0.25%
powdered milk, 0.1% Tween, and PBS solution. A duplicate membrane
was stained with Ponceau red to confirm that an equal amount of protein
was loaded in each lane. Immunostaining was performed by using the
Vectastain protocol. The blot was incubated for 1 hr with a rabbit
anti-human MCM antibody diluted to 1:1000 in blocking buffer. Then it
was rinsed in wash buffer (0.1% Tween/PBS) and incubated for 1 hr in
biotinylated secondary antibody (anti-rabbit) diluted 1:2000 in blocking
buffer. The blot was rinsed in wash buffer and treated with avidin-HRP
solution for 30 min. After rinsing with wash buffer, MCM protein was
visualized by using 0.1% diethylaminobenzidine in 0.1 M Tris, pH 7.2, and
0.005% H2O2.
Intracerebral injections of methylmalonic acid. Adult Sprague Dawley

rats (250 gm) were anesthetized with isoflurane. Burr holes were drilled
in the skull bilaterally, 2.6 mm lateral to bregma. A 30 gauge needle
was advanced 5.0 mm into the striatum. Two microliters of a given
solution were infused into the striatum over 5 min. The solutions
injected included 0.9% saline (n 5 4); 100 mg/ml of citric acid buffered
to pH 7.1 with 0.1 M pH 7.1 phosphate buffer (PB) and 10N NaOH (n 5
4); and methylmalonic acid, in concentrations of 1, 10, 25, 75, 100, 500,
and 600 mg/ml (n 5 6 for each dose). Methylmalonic acid was dissolved
in PB, pH 7.1, and the pH was adjusted to 7.1 with 10N NaOH. Sodium
azide (100 mg/ml, pH-adjusted to 7.1), an inhibitor of the cytochrome
oxidase/Complex IV in mitochondria, was also infused into striatum as
a “positive” control (n 5 4). Animals were anesthetized 3 d later and
perfused, and the brains were removed and sectioned on a vibratome.
Sections were mounted on slides and Nissl-stained. Lesion areas at the
level of the anterior commissure were quantified for each subject with
an MCID computer-based image analysis system to measure the lesion
area on the basis of a density threshold. Optical density measurements
of the average Nissl optical density of the contralateral intact striatum
were performed, and a value 15% less than this was used to set a
threshold below which a lesion was defined in the injected striatum.
Then the computer was used to detect and compute automatically the
areas on each section showing decreased optical densities. Microscopic
examination of these lesion areas showed loss of most neurons and
some glia. The area of the lesion was measured on six sections at the
level of the anterior commissure from each subject and averaged.
Differences in these averages between groups were analyzed with
ANOVA, followed by a Scheffe analysis for comparisons between
groups.

RESULTS
Isolation of methylmalonyl-CoA mutase (MCM) cDNA
One of the clones obtained from the differential screening of
the ischemic and sham cDNA libraries coded for the enzyme
methylmalonyl-CoA mutase. The MCM clone was digested
with EcoRI and subcloned in pBluescript (Stratagene), result-
ing in pM7 and pML. These clones, 800 bp and 2 kb in length,

Narasimhan et al. • Mitochondrial Neurotoxicity of Methylmalonic Acid J. Neurosci., November 15, 1996, 16(22):7336–7346 7337



were used to sequence the gene. The 2608 bp nucleotide coding
sequence of the gerbil MCM cDNA, along with the 59 and 39
untranslated regions, is shown in Figure 1. The deduced amino

acid sequence of the protein was 749 amino acids. The gerbil
amino acid sequence exhibited 94% similarity to the mouse and
91% to the human MCM proteins (Fig. 2). There was also a 48

Figure 1. Primary sequence of gerbil methylmalonyl-CoA mutase, including amino acid sequence. The 51 bp oligonucleotide sequence used for some
of the Northern blots is underlined.
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Figure 2. Comparison of gerbil, mouse, and human amino acid sequences for methylmalonyl-CoA mutase. Dots indicate identical amino acids across
species. The mitochondrial leader sequence is underlined.
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bp mitochondrial targeting peptide sequence at the 59 region
that was similar to the mouse and human MCM gene.

MCM mRNA in ischemic brain

Northern analysis of ischemic and control tissues was performed.
Poly(A1) mRNA was isolated from cortex and hippocampus from

normal gerbils and from gerbils 24 hr after 10 min of global
ischemia. The Northern blots, probed by using the 51 mer oligo-
nucleotide for MCM, showed induction of MCM mRNA in both
cortex and hippocampus of ischemic, as compared with sham
control, animals (Fig. 3). The 2.9 kb MCM transcript was in-
creased approximately three- to fourfold in both cortex (3.4-fold;
n 5 4) and hippocampus (4.1-fold; n 5 4), using the cyclophilin
mRNA as a control.

MCM protein expression in ischemic brain
Induction of a gene characterized by an increase in its mRNA is
not always accompanied by an elevation of protein expression
after cerebral ischemia (Nowak et al., 1990; Kinouchi et al., 1993).
To determine whether the protein was also induced, we analyzed
the gerbil cortex. There was marked induction of the MCM
protein on Western blots of cortex at 8 hr and 24 hr after 10 min
of global ischemia (Fig. 4), compared with little protein being
present in the control cortex (Fig. 4, lane 1). The same pattern was
observed on three separate Western blots from three separate sets
of ischemic and control brains. The polyclonal rabbit anti-human
MCM antibody used recognizes MCM and other proteins, includ-
ing the 66–69 kDa albumin band (Fig. 4) just below MCM, as
previously reported by Ledley et al. (1988). The protein loading in
the three different lanes was judged to be similar because of equal
staining of the albumin bands (Fig. 4) and the equal staining of the

lanes on the duplicate Ponceau red-stained blots (data not
shown).

Tissue distribution of MCM mRNA
Total RNA isolated from liver, kidney, heart, spleen, and lungs
from sham controls and cerebral ischemic animals was probed
with a 500 bp HindIII fragment from the coding region of the
MCM cDNA. MCMmRNA was expressed in most organs (Fig. 5)
except the lung (data not shown). A similar tissue distribution has
been reported in normal mouse tissues by Wilkemeyer et al.
(1993). There were no significant differences in MCM expression

Figure 3. Northern blots of methylmalonyl-CoA mutase (MCM) mRNA
from cortex (lanes 1, 2) and hippocampus (lanes 3, 4 ) and from control
sham-operated gerbils (lanes 1, 3) and 8 hr after 10 min of global ischemia
(lanes 2, 4 ). The cyclophilin (CYC) bands show that fairly equal amounts
of mRNA were loaded in each lane. This is representative of the three
separate blots on six separate subjects that were performed.

Figure 4. Western blot using a polyclonal antibody to methylmalonyl-
CoA mutase (MCM ) showing little MCM protein in control gerbil brain
and marked induction of MCM protein in the gerbil brain 8 and 24 hr after
10 min of global ischemia. The polyclonal antibody stained other bands,
including albumin at ;69 kDa, which shows that similar amounts of
protein were loaded in each lane.

Figure 5. Northern blots of methylmalonyl-CoA mutase (MCM) mRNA
from different organs, including the liver (lanes 1, 2), kidney (lanes 3, 4 ),
heart (lanes 5, 6 ) and spleen (lanes 7, 8). The ethidium bromide-stained
gel (bottom) showed that more total RNA had been loaded in the heart
lanes (lanes 5, 6 ). 18S and 28S indicate ribosomal RNA bands. Lanes 1, 3,
5, and 7 are from the same animal; lanes 2, 4, 6, and 8 are from another
animal.
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levels in the sham, as compared with ischemic animals, in any
organ other than the brain (data not shown).

MCM gene expression in brain during development
MCM gene expression was also examined in the developing
brain (Dutra et al., 1991; Wajner et al., 1992). The HindIII 500
bp fragment was used to probe poly(A1) mRNA of embryonic
(E17, E19), postnatal (P1, P7, P14, P21), and adult rat brains.
The MCM mRNA was not detectable in embryonic brain, was
slightly induced by P1, and peaked at 14 d after birth (Fig. 6).
MCM mRNA decreased at P21 and declined to low adult levels
thereafter (Fig. 6).

Induction of MCM with propionate and isoleucine
Propionyl CoA, which is the source of methylmalonyl-CoA, is
derived from the metabolism of BCAA and odd-chain fatty acids
(see Fig. 9). Because we postulated that the induction of MCM
during ischemia and during development was related to increases
in these metabolic precursors, cultured astrocytes were treated
with either 5 mM propionate or 2 mM isoleucine. Both propionate
and isoleucine markedly induced MCM mRNA in treated astro-
cytes, as compared with control astrocytes incubated in standard
MEM without isoleucine or propionate (Fig. 7). The same results
were obtained in three separate experiments using three separate
batches of cells and three separate runs of the Northern blots.
Valine, another BCAA, also induced MCM mRNA (data not
shown). Lower concentrations of propionate (0.5 mM) and isoleu-
cine (0.2 mM) also induced MCM mRNA, but to a lesser degree
(data not shown). No experiments were conducted to determine
whether BCAA would also induce the enzymes that metabolize
BCAA to glutamate (see Fig. 9). The finding that MCM mRNA
can be induced in cultured astrocytes suggests that it might also be
localized to astrocytes in vivo. Further studies, however, will be

required to determine which cells express MCM mRNA and
protein after ischemia in vivo.

Neurotoxicity of methylmalonic acid injections
The possible neurotoxicity of methylmalonic acid was examined
because it, like malonate and 3-nitropropionic acid, inhibits suc-
cinate dehydrogenase (Dutra et al., 1993). The (2 ml) injections of
saline (Fig. 8A,C,E) and citric acid (Fig. 8E) into the striatum did
not produce any discernible lesion in any of the animals. Injec-
tions (2 ml) of the lower doses of methylmalonic acid, including
10, 25, 50 (Fig. 8E), and 75 mg/ml, did not produce striatal lesions
(n 5 6 at each dose; data not shown). The 100 mg/ml dose of
methylmalonic acid (n 5 6) produced moderate-sized lesions of
striatum (Fig. 8B,D,E), and the highest doses (n 5 8) of methyl-
malonic acid (600 mg/ml) produced very large striatal lesions (Fig.
8E). Injections of sodium azide (100 mg/ml) also produced striatal
lesions (Fig. 8E). The lower (100 mg/ml) doses of methylmalonic
acid produced selective neuronal loss with preservation of some
glial cells within the lesions (Fig. 8D).

DISCUSSION
These findings demonstrate that methylmalonyl-CoA mutase
(MCM) is induced in brain shortly after birth and that MCM can
be induced after cerebral ischemia. It is hypothesized that accu-
mulation of branched-chain amino acids and odd-chain fatty acids
in brain during development or ischemia increases propionate
levels, which in turn induces MCM. Induction of MCM would
decrease the accumulation of methylmalonic acid, which has been
shown to inhibit succinate dehydrogenase and is shown in this
study to injure brain. Methylmalonic acid could contribute to
cellular injury by lowering cellular pH, by inhibiting succinate
dehydrogenase (SDH) and decreasing the production of GABA
from Kreb’s cycle intermediates, and by inhibiting SDH and
decreasing the generation of ATP via the mitochondrial electron
transport chain. Because methylmalonic acid is known to accu-
mulate in brain in several human pathological conditions, includ-
ing MCM mutations and B12 deficiency, methylmalonic acid may
contribute to the cellular injury in the nervous system observed in
these conditions.
MCM was cloned first from the liver and has been studied

Figure 6. Northern blots of methylmalonyl-CoA mutase (MCM ) mRNA
from whole brains of animals at different ages: embryonic days 17 (E17 )
and 20 (E20); postnatal days P1, P7, P14, and P21; and from the adult
brain (Adult). The ethidium bromide-stained gel (bottom) showed that the
lanes were loaded fairly evenly with mRNA.

Figure 7. Northern blots of methylmalonyl-CoA mutase (MCM ) mRNA
from cultured astrocytes exposed for 72 hr to 5 mM propionate ( propi-
onate) or to 2 mM isoleucine (isoleucine), as compared with control
astrocytes (control). The cyclophilin bands (CYC) show the loading of
RNA in each lane.
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primarily in liver (Ledley et al., 1988, 1990; Ledley, 1990;
Wilkemeyer et al., 1990, 1993). MCM function in brain has
received less attention (Mitzen and Koeppen, 1984; Dutra et
al., 1991, 1993; Riley et al., 1991; Dickson et al., 1994; To-
yashima et al., 1995) despite the brain abnormalities that occur
with MCM mutations (Gebarski et al., 1983; Matsui et al., 1983;
Roodhooft et al., 1990; Gerhardt et al., 1991; Ostergaard et al.,
1991; Crane et al., 1992; Stockler et al., 1992; Sum et al., 1993;
Brismar and Ozand, 1994; He et al., 1995). The complete
coding region from gerbil brain MCM cDNA was sequenced,
along with 150 bp of 59 and 254 bp of 39 untranslated regions.
Although there is no poly(A1) tail, a possible adenylation
sequence of AAATAAA is seen at nucleotide position 2572.
The cDNA and the amino acid sequence show high similarity to
both the mouse and human liver genes (Ledley et al., 1988;
Wilkemeyer et al., 1990). There do not seem to be any large
differences in the coding of the liver and brain MCM genes,
although MCM in brain exists only as the active holoenzyme,
whereas a significant fraction of MCM activity in liver and
other tissues exists as inactive apoenzyme (Wilkemeyer et al.,
1993). This might relate to transcriptional, translational, or
post-translational differences of the gene in different organs.
This study demonstrates the inducibility of the MCM gene in

the brain and suggests that MCM could function as a stress gene
to abrogate accumulation of methylmalonyl-CoA and its neuro-
toxic metabolite, methylmalonic acid. Because some Kreb’s cycle
enzymes are induced by their substrates, we postulated that MCM
induction might be attributable to metabolic precursors of succi-
nate. This idea was supported partly by the finding that the BCAA
isoleucine and its metabolite, propionate, induced MCM in cul-
tured astrocytes. It is not known whether the concentrations of
BCAAs or propionate would reach concentrations sufficient to
induce MCM via this mechanism in vivo. The molecular mecha-
nism by which this would occur is also unknown. Although pro-
pionate induces MCM mRNA, this does not prove whether pro-
pionate itself acts on the MCM gene. The murine MCM promoter
contains AP2 and CRE elements that may account for different
tissue levels of MCM mRNA (Wilkemeyer et al., 1993). Although
the present study provides further evidence for MCM regulation,
it is uncertain whether propionate, another MCM substrate, or an
unrelated pathway would activate adenylate cyclase or protein
kinases to induce MCM via the CRE and/or AP2 elements in the
MCM promoter.
The extracellular concentrations of many amino acids increase

during cerebral ischemia (Erecinska et al., 1984). Although extra-
cellular concentrations of excitatory amino acids increase the
most, BCAA also increase (Erecinska et al., 1984; Drejer et al.,
1985; Barks and Silverstein, 1992). If intracellular concentrations
of BCAA also increased during ischemia, this could contribute to
MCM induction in ischemic brain, because propionate is pro-
duced during the degradation of the branched-chain amino acids
isoleucine, valine, methionine, and threonine (Matsui et al., 1983;
Rosenberg, 1983; Harper et al., 1984) (Fig. 9).
Because propionate induces MCM in cultured astrocytes,

sources of propionate other than BCAA also should induce
MCM. Figure 9 shows that odd-chain fatty acids are also impor-
tant sources of propionate (Kishimoto et al., 1973; Rosenberg,
1983). Cerebral ischemia initiates lipid peroxidation, which results
in the breakdown of cellular phospholipids and the release of both
even- and odd-chain free fatty acids (Bazan, 1970; Yoshida et al.,
1986; Nakano et al., 1990). Although most fatty acids have an even
number of carbon atoms and are metabolized via b-oxidation,

odd-chain fatty acids represent a small percentage of fatty acids in
normal brain. This percentage increases in pathological states and
during development (Kishimoto et al., 1973; Rosenberg, 1983;
Wendel et al., 1993; Sbai et al., 1994). Odd-chain fatty acids are
metabolized via a-oxidation to acetyl CoA and propionyl CoA.
MCM is essential for breakdown of these odd-chain fatty acids
(Fig. 9). The induction of MCM by lipid peroxidation in ischemic
brain could be attributable, at least in part, to increased produc-
tion of odd-chain fatty acids that would be metabolized to propi-
onic acid. The peak expression of MCM mRNA in rat brain for
the weeks after birth also could be attributable to high levels of
odd-chain fatty acids during the period of myelinogenesis.
The brain abnormalities seen in patients with MCM mutations

suggest that methylmalonic acid or other succinate precursors
damage the brain. Methylmalonic acid could contribute directly to
tissue acidosis by inhibiting the Kreb’s cycle and promoting gly-
colytic metabolism of glucose to lactate. Methylmalonic acid may
also injure the brain by inhibiting pyruvate carboxylase; the trans-
mitochondrial shuttle of malate; glycine uptake into synapto-
somes; the intramitochondrial glycine cleavage enzyme, carbamyl
phosphate synthetase I; and N-acetylglutamate synthetase (Halp-
erin et al., 1971; Lopex-Lahoya et al., 1981; Rosenberg, 1983;
Wajner et al., 1992; Toyashima et al., 1995).
Methylmalonic acid also inhibits succinate dehydrogenase in

brain slices, resulting in increased glucose uptake, increased lac-
tate, and decreased ATP (Dutra et al., 1991; 1993; Wajner et al.,
1992; Toyashima et al., 1995). This inhibition of SDH by methyl-
malonic acid occurs with a Ki of 2.3 mM, a concentration achieved
in brain and serum of patients with MCM mutations (Dutra et al.,
1993). If methylmalonic acid also accumulates during cerebral
ischemia, this would contribute to inhibition of the SDH contain-
ing Complex II of the mitochondrial electron transport chain
observed when cerebral blood flow falls to 20 cc/100 gm per
minute (Allen et al., 1995). It is not known whether the methyl-
malonic acid levels achieved in cerebral ischemia reach 2.3 mM,
which would inhibit SDH enzyme activity or the higher levels that
would kill neurons directly (Fig. 8E).
Inhibition of SDH by methylmalonic acid may be the primary

mechanism by which methylmalonic acid damages the brain. The
structurally related molecules malonate (Beal et al., 1993a–c,
1994) and 3-nitropropionic acid (3-NP) (Gould and Gustine,
1982; Hamilton and Gould, 1987) inhibit SDH. Injection of both
malonate and 3-NP directly into brain produces damage to neu-
rons and other cells (Ludolf et al., 1991, 1992; Beal et al., 1993a–c,
1994; Fu et al., 1995a,b; Greene and Greenamyre, 1995a,b;
Zeevalk et al., 1995). In people who have eaten sugar cane
contaminated with 3-NP (Fu et al., 1995a,b; He et al., 1995), taken
large doses of 3-NP (He et al., 1995), or have been poisoned with
the mitochondrial toxin cyanide (Finelli et al., 1981; Rosenow et
al., 1995), damage localized to the basal ganglia occurs that seems
to be identical to the brain lesions that occur in patients with
MCM mutations (Gebarski et al., 1983; Roodhooft et al., 1990;
Gerhardt et al., 1991; Stockler et al., 1992; Brismar and Ozand,
1994; He et al., 1995). In culture, 3-NP acid affects neurons more
than glia and can induce neuronal apoptosis (Behrens et al.,
1995).
These data suggest that SDH-inhibiting compounds share the

ability to kill neurons and that the striatum and globus pallidus
seem to be the brain regions most vulnerable to this type of injury.
The injury could be attributable to the combined action of Kreb’s
cycle and mitochondrial electron transport chain inhibition (Fig.
9) as well as a local acidosis produced by the increased flux of
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Figure 8. Neurotoxicity of methylmalonic acid. Photomicrographs of
Nissl-stained sections of the caudate putamen (basal ganglia) of the
adult rat are shown 24 hr after a 2 ml injection of saline (A, C) and 100
mg/ml methylmalonic acid (B, D). Note the lesion in B and D and the
normal histology in A and C. The size of the lesion in the caudate
putamen (mm2) is plotted in E for 2 ml injections of different concen-
trations of methylmalonic acid (50, 100, and 600 mg/ml), saline
(0.9%), citric acid (100 mg/ml), and sodium azide (100 mg/ml). Note
that lesions were produced with methylmalonic acid in concentrations
of 100 and 600 mg/ml and with sodium azide in a concentration of 100
mg/ml. Citric acid did not produce a lesion, nor did saline injections.
The lesion size in high-dose methylmalonic acid (100 and 600 mg/ml)
and sodium azide-injected animals (error bars represent SD) is sta-
tistically larger than saline-injected controls and citric acid-injected
controls ( p , 0.0001; two-way ANOVA, followed by a Scheffe com-
parison between groups).
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glucose to lactate to increase energy availability. The GABAergic
neurons in the striatum may be particularly vulnerable to meth-
ylmalonic acid and other SDH inhibitors, because these com-
pounds would decrease availability of the inhibitory amino acid
neurotransmitter GABA via blockade of the Kreb’s cycle and the
GABA shunt (Hassel and Sonnewald, 1995).
Neurological abnormalities occur in all conditions in which

methylmalonic acid accumulates, including MCM mutations, in-
born errors of cobalamin metabolism, and acquired B12 deficiency
(Rosenberg, 1983). Because cobalamin disorders affect mainly
white matter, whereas MCM mutations produce severe gray and
white matter abnormalities, it has been assumed that these disor-
ders have a different pathogenesis. It is possible, however, that the
white matter abnormality observed in B12 deficiency represents
the mildest effects of chronic inhibition of SDH and other brain
enzymes by methylmalonic acid, whereas the severe brain abnor-
malities in MCM mutations represent the most severe effects of
inhibition of the same enzymes.
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