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Abstract
Propionic acidemia is the accumulation of propionate in blood due to dysfunction of
propionyl-CoA carboxylase. The condition causes lethargy and striatal degeneration with

motor impairment in humans. How propionate exerts its toxic effect is unclear. Here
we show that intravenous administration of propionate causes dose-dependent propionate
accumulation in the brain and transient lethargy in mice. Propionate, an inhibitor of histone
deacetylase, entered GABAergic neurons, as could be seen from increased neuronal histone
H4 acetylation in striatum and neocortex. Propionate caused an increase in GABA levels in
the brain, suggesting inhibition of GABA breakdown. In vitro propionate inhibited GABA
transaminase with a Ki of ~1 mmol/L. In isolated nerve endings propionate caused increased
release of GABA to the extracellular fluid. In vivo, propionate reduced cerebral glucose
metabolism in both striatum and neocortex. We conclude that propionate-induced inhibition
of GABA transaminase causes accumulation of GABA in the brain, leading to increased
extracellular GABA concentration, which inhibits neuronal activity and causes lethargy.
Propionate-mediated inhibition of neuronal GABA transaminase, an enzyme of the inner
mitochondrial membrane, indicates entry of propionate into neuronal mitochondria. However,
previous work has showed that neurons are unable to metabolize propionate oxidatively,
leading us to conclude that propionyl-CoA synthetase is probably absent from neuronal
mitochondria. Propionate-induced inhibition of energy metabolism in GABAergic neurons
may render the striatum, in which >90% of the neurons are GABAergic, particularly
vulnerable to degeneration in propionic acidemia.

Key words: caudate; GABA transaminase; autism; propionic aciduria; propionyl-CoA
synthetase.
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Introduction
Propionic acidemia is a devastating genetic disorder that causes lethargy, mental retardation,
and degeneration of the striatum, leading to severe motor impairment. Often the disease is
fatal 1,2. The underlying cause is reduced activity of propionyl-CoA carboxylase. This
deficiency leads to impaired metabolism of propionate (a metabolic product of gut bacteria)
and of propionyl-CoA (an intermediate in the metabolism of several amino acids) in the liver
and other organs, causing accumulation of propionate in blood 1-3. Serum values as high as
5 mmol propionate/L have been reported 4. Irrespective of its role in propionic acidemia, a
contribution of propionate to the development of autism has been proposed 5.
It is not clear how propionate exerts its toxic effect. Several biochemical alterations
have been noted in brains of experimental animals after administration of propionate,
including changes in protein carbonylation, lipid peroxidation, and antioxidant capacity 6,7.
A decrease in the levels of several neurotransmitters 8, and an increase in histone acetylation
9 and microRNA levels 10 have also been reported; the latter two alterations could directly
affect gene expression, an effect that may be of special relevance for autism development.
Two metabolites that are formed during mitochondrial metabolism of propionate, propionylCoA and 2-methylcitrate, have inhibitory effects on several enzymes of the tricarboxylic acid
(TCA) cycle 11-14 or glutamate dehydrogenase 15. These inhibitory effects are probably
important for the liver failure and ensuing hyperammonemia that accompany propionic
acidemia, but they do not readily explain the neurodegeneration. Since propionate is not
oxidized by neurons 9, formation of propionyl-CoA and 2-methylcitrate from propionate
would not be expected to occur in neuronal mitochondria. Therefore, accumulation of
propionyl-CoA and 2-methylcitrate are unlikely causes of the specific vulnerability of the
striatum in propionic acidemia.
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More than 90% of striatal neurons are GABAergic 16. Given the vulnerability of
striatum in propionic acidemia 1,2, we asked if propionate itself somehow targets
GABAergic neurons. Here we report that propionate enters striatal neurons from the
circulation and inhibits GABA transaminase. This effect may help explain both the lethargy in
propionic acidemia, because brain GABA levels increase, and the vulnerability of the striatum
in this disorder, because TCA cycle activity and energy production in GABAergic neurons to
a large degree involves formation and breakdown of GABA through the so-called GABA
shunt (Fig. 1) 17.

Materials and methods
Animals
The animals were female NMRI mice (Bomholt, Ry, DK), 30 g bodyweight. They had free
access to food and tap water. Mice that received 14C-labeled glucose were fasted for 12 hours
prior to experiments, but had free access to water. Air humidity was 50%, and the light/dark
cycle was 12 hours. Animal treatment was approved by the ethics committee at the
Norwegian Defense Research Establishment, and the experimental work was in strict
accordance with institutional and national ethical guidelines. After intravenous (i.v.) or
intraperitoneal administration of sodium propionate or sodium chloride, animal behavior was
closely observed until the animals were killed.

Determination of the level of propionate in brain and serum
To determine the level of propionate in brain and serum after i.v. injection, mice received
sodium 1-13Cpropionate (99% isotopic enrichment; Isotec, Sigma, St. Louis, MO, USA), i.v.
Doses were 1.25, 2.5, or 5 mol sodium 1-13Cpropionate/g bodyweight. The injected
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solution was 125, 250, or 500 mmol 1-13Cpropionate/L. Control animals received sodium
chloride, 500 mmol/L. The 125 and 250 mmol/L solutions of 1-13Cpropionate were
supplemented with sodium chloride, 375 or 250 mmol/L, respectively, so that all solutions
had similar osmolarity. At 5 or 15 minutes, the animals were anesthetized with a lethal dose of
pentobarbital i.v. and perfused transcardially with 15 mL ice-cold phosphate-buffered saline
(NaCl 140 mmol/L, NaH2PO4 10 mmol/L; pH 7.4) over 15 seconds, which caused brains and
livers to become pale. Blood was collected from the right atrium. To see if this procedure
would flush significant amounts of 1-13Cpropionate out of the brains, some animals were not
perfused transcardially, but were decapitated, and blood was collected from the severed
vessels. The two groups were almost identical with respect to the level of propionate in the
brain, and only the values obtained after transcardial perfusion will be reported. Brains were
rapidly removed, frozen in liquid nitrogen, weighed, and homogenized in 2 volumes of icecold perchloric acid, 7% (vol/vol). Protein was removed by centrifugation, and perchloric acid
was precipitated with KOH, 9 mol/L. Prior to nuclear magnetic resonance (NMR)
spectroscopy, 400 L of brain extracts were mixed with 100 L of D2O containing dioxane,
1%, as an internal concentration standard. Sera, 150 L, were mixed with 300 L D2O
containing dioxane, 0.3%. Inverse-gated

13

C NMR spectroscopy was done as described 9.

The amount of 1-13Cpropionate in brain and serum was determined from the NMR spectra.

Confocal microscopy of histone acetylation
To see if propionate entered striatal neurons, we made use of the inhibitory effect of
propionate on histone deacetylase 18. Six mice received an i.v. injection of sodium
propionate, 5 μmol/g body weight (0.5 mol/L, pH 7), and six mice received sodium chloride,
0.5 mol/L. At 15 minutes, the animals were deeply anesthetized with pentobarbital and
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perfused transcardially with 4% paraformaldehyde. Brains were cryosectioned coronally in 10
μm sections and collected on glass slides, so that each glass slide had sections from two
propionate-treated mice and two controls.
Brain sections were incubated overnight at room temperature with mouse antibodies
against acetylated histone H4 (2 µg/ml; Upstate, New York, USA) and rabbit antibodies
against glial fibrillary acidic protein (GFAP; Sigma, St Louis, MO, USA). Secondary
antibodies were species-specific and coupled to different fluorochromes, Alexa 555 and Alexa
488 (Molecular Probes, Eugene, OR, USA). Microscopy was done with a Zeiss LSM 5 Pascal
axioplan 2 imaging confocal laser scanning microscope. The pinhole size was set to about 1
Airy unit, and the images were acquired sequentially with a scan speed of 12-13 μs/pixel.
Laser wavelengths for the green and red channels were 488 nm and 543 nm, respectively.
High resolution micrographs were acquired as composites of confocal optical sections, 0.77
μm thick, through the entire nuclei. The amount of acetylated histone H4 was quantified as
fluorescence intensities, and data from each optical section were used. Quantification was
done with Zeiss LSM 5 Pascal software. Nuclei not coinciding with GFAP staining were
considered neuronal. Nuclei coinciding with GFAP staining were considered astrocytic and
were not analyzed; we have shown previously that propionate enters (and is metabolized
oxidatively by) astrocytes 9. Histone H4 acetylation was analyzed for 7 nuclei in the
striatum and 7 in the overlying neocortex in each animal.

Determination of amino acids
To determine the effect of propionate on brain amino acid levels, awake mice received
sodium propionate 1.25, 2.5, or 5 mol/g bodyweight as 125, 250, or 500 mmol/L solutions
i.v. Control animals received sodium chloride, 500 mmol/L, as described above. Five minutes
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after the injection, the animals were killed by cervical dislocation and decapitation. The heads
were dropped into liquid nitrogen within 1 second of decapitation. Brains were removed in the
frozen state and homogenized in 4 mL of ice-cold perchloric acid, 3.5% (vol/vol). Proteins
were removed by centrifugation, and perchloric acid was precipitated with KOH, 9 mol/L.
The volume of the supernatant was measured, and -aminoadipate, 1 mmol/L, was added 1:1.
Amino acids and glutathione (GSH) were quantified fluorimetrically after pre-column
derivatization with o-phthaldialdehyde and separation by HPLC, using -aminoadipate as an
internal concentration standard 19.

Enzyme analyses
GABA transaminase activity was determined as the formation of glutamate from GABA and
-ketoglutarate in homogenates of mouse forebrain, 5% (weight/volume), as described 20,
with a final GABA concentration of 10 mmol/L. Aspartate aminotransferase activity was
analyzed similarly 20 as the formation of glutamate from aspartate and -ketoglutarate,
substituting GABA with aspartate (final concentration 20 mmol/L). Succinate dehydrogenase
activity was analyzed as described 21 in mouse brain homogenates as the reduction of
tetrazolium in the presence of succinate, 0.3 mmol/L. Incubation time was two hours, and the
reaction product, formazan, was extracted and assayed spectrophotometrically. Blank values
obtained in the absence of succinate were 12% of measurements in the presence of succinate.
Propionate was present in the enzyme assays at final concentrations of 1-100 mmol/L.

Isolated nerve endings. Exposure to propionate.
Nerve endings (synaptosomes) were isolated from the cerebral cortex of mice by the method
of Gray and Whittaker 22, as recently described 23. The nerve endings were reconstituted
7
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in artificial CSF with (in mmol/L) NaCl 120, KCl 25, CaCl2 1, MgCl2 1, NaH2PO4 0.3,
glucose 2.5, glutamine 0.1, pH 7.3. Nerve endings were incubated with Na-propionate at 0,
0.3, 1, 3, 10, or 30 mmol/L, by adding Na-propionate, 150 mmol/L (or NaCl, 150 mmol/L), to
the nerve endings, final volume 200 L. Incubation took place at 37oC for 15 minutes. Then
nerve endings were pelleted gently by centrifugation at 500 g. The supernatants were kept for
analysis of amino acids and glutathione. The pellets were lysed in 200 L water, frozen and
thawed and re-centrifuged. The resulting supernatants were analyzed with respect to amino
acid levels.

Cerebral metabolism of [14C]glucose
Mice that were fasted overnight received propionate, 5 mol/g bodyweight, as a 0.5 mol/L
solution, or sodium chloride, 0.5 mol/L, i.v. into a tail vein over 15 seconds. At 5 minutes they
received 10 Ci [U-14C]glucose (3 mCi/mmol; ARC, St. Louis, MO, USA) in 200 L
physiological saline i.v.; after another 10 or 15 minutes the animals were killed by cervical
dislocation and decapitation. The heads were immediately dropped in liquid N2, and the
striatum and overlying neocortex were dissected out from the frozen brains. Tissue samples
were homogenized in 2 mL ice-cold perchloric acid, 3.5% (vol/vol), containing aminoadipate, 50 mol/L, as an internal amino acid concentration standard, and centrifuged.
Supernatants were neutralized with KOH, 9 mol/L, and the precipitating KClO 4 was removed
by centrifugation. Extracts were lyophilized to dryness and redissolved in 60 L water.
Amino acids were quantified fluorimetrically after pre-column derivatization with ophthaldialdehyde and separation by HPLC 19. Radiolabeling of amino acids was determined
by scintillation counting after collection of separated amino acids from the HPLC eluate 23.
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Results from animals with a 10-minute survival after injection of [U-14C]glucose were
essentially the same as those with a 15-minute survival, and only the former results are given.

Data presentation and statistics
Data are given as mean  SD values. Values for succinate dehydrogenase activity and histone
H4 acetylation level are given as percent of control values; other enzyme activities, levels of
metabolites, and radiolabeling are given in absolute values. Differences between groups were
analyzed with the Student’s t-test, paired or unpaired, or with one-way ANOVA with Dunn’s
or Dunnet’s correction for multiple comparisons, as appropriate.

Results
Levels of propionate in brain and serum after i.v. injection
The level of propionate in the brain increased dose-dependently after i.v. injection, as could
be seen 5 minutes after injection of [1-13C]propionate, 1.2-5 mol/g bodyweight. The mean
levels varied between 0.3 and 2.3 nmol propionate/mg tissue (Fig. 2a). Assuming a water
content of 80% and a uniform distribution of propionate, these levels would correspond to
concentrations of propionate of 0.4-2.8 mmol/L. The corresponding mean serum levels were
0.7-17 mmol propionate/L (Fig. 2b).
Fifteen minutes after injection of [1-13C]propionate, 5 mol/g, the level of propionate
in the brain was 0.8  0.1 nmol/mg tissue, and the level in serum was 2.3  0.9 mmol/L.
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Behavioral effects of intravenous injection of propionate
Within 30 seconds after intravenous injection of sodium propionate, 5 mol/g bodyweight,
the animals appeared lethargic, a state that lasted for approximately 20 minutes. The animals
lay down, but kept their heads elevated above the floor of the cage. Some animals lay with
their hind feet splayed, but all animals could be stimulated to walk about the cage without
displaying ataxia. Animals that received sodium propionate, 2.5 mol/g, appeared quiet
compared to control animals, but the response was less pronounced than in animals that
received 5 mol sodium propionate/g. Animals that received 1.25 mol sodium propionate/g
were not behaviorally different from saline-treated animals; these animals explored their
cages and were highly active. Injection of a larger amount of propionate (15 mol/g
bodyweight) intraperitoneally, caused a lethargic state for approximately 45 minutes.

Effect of propionate on histone H4 acetylation in striatum
Propionate, 5 mol/g bodyweight, caused an increase in histone H4 acetylation in striatal and
neocortical neurons, as could be seen at 15 minutes after i.v. injection (Fig. 3), indicating
entry of propionate, a known inhibitor of histone deacetylase 18, into neurons. The striatal
neurons, as defined by their nuclei, were medium-sized, typical GABAergic striatal projection
neurons 24. The labeling intensity of acetylated histone H4 in neurons was approximately
doubled by propionate administration (Fig. 3).

Effect of propionate on brain levels of GABA and aspartate
Injection of propionate, 1.25-5 mol/g bodyweight, into awake mice caused a dose-dependent
increase in the brain level of GABA at 5 minutes (Fig. 2c); the highest dose of propionate
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caused an increase in GABA of approximately 40%. At the same time the level of aspartate
decreased dose-dependently (Fig. 2d); the maximal decrease was approximately 20%. The
levels of glutamate, glutamine, glycine, taurine, or GSH were not altered by propionate
treatment (not shown).

Effect of propionate on enzyme activities
Propionate inhibited GABA transaminase with a Ki of approximately 1 mmol/L (Fig. 4) in
mouse forebrain homogenates. Propionate did not affect aspartate aminotransferase or
succinate dehydrogenase activities at any concentration (Fig. 4).

The effect of propionate on amino acid levels in isolated nerve endings
GABA levels increased in isolated nerve endings that were exposed to propionate. The total
level of GABA (that in nerve terminals + that found extracellularly in the incubation medium)
increased significantly by approximately 40, 50, and 70% with propionate at 3, 10, and 30
mmol/L, respectively (p<0.001). The GABA concentration in the extracellular fluid varied
between 14 and 17% of the total amount of GABA. Extracellular GABA increased
significantly with propionate 1 mmol/L (Fig. 5). The levels (total or extracellular) of
aspartate, alanine, or taurine did not change significantly in nerve endings exposed to
propionate. Extracellular glutamate increased (by 40%; p = 0.02) only in the presence of
propionate, 30 mmol/L. Extracellular GSH, which was 354% of total GSH in controls,
decreased significantly with propionate  3 mmol/L (Fig. 5), whereas intracellular GSH was
not significantly different between groups.
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Effect of propionate on brain glucose metabolism
Propionate inhibited glucose metabolism in both striatum and neocortex of awake mice, as
could be seen from a decrease in the radiolabeling (specific activity) of GABA, glutamate,
and glutamine from [U-14C]glucose (Fig. 6). Propionate treatment reduced the radiolabeling
of GABA to approximately 60% of control. The radiolabeling of glutamate and glutamine was
reduced to 76% and 50% of control, respectively. The radiolabeling of aspartate was also
reduced by propionate treatment, but since the total level of aspartate decreased similarly (by
~20%), the specific activity (radioactivity/nmol amino acid) did not decrease significantly.

Discussion
Propionate inhibits GABA transaminase
This study shows that propionate enters the brain from the circulation in a concentrationdependent manner. Propionate, a known inhibitor of histone deacetylase 18, was shown to
enter neurons in striatum and neocortex, as could be seen from the increase in neuronal
histone H4 acetylation. The striatal neurons that took up propionate had nuclei consistent with
medium-sized, GABAergic projection neurons 24.
Accumulation of propionate in the brain was accompanied by increased levels of
GABA. This increase could be explained by an inhibitory effect of propionate on the GABAdegrading enzyme, GABA transaminase, since the level of propionate in the brain after i.v.
administration of propionate was similar to concentrations that caused significant inhibition of
GABA transaminase in vitro. The accompanying reduction in the level of aspartate is
typically seen with inhibitors of GABA transaminase 17,25,26. Aspartate is concentrated in
GABAergic neurons 27-29, where it is formed from oxaloacetate downstream of GABA
transaminase (Fig. 1). Therefore, the decrease in aspartate seen in this study agrees well with
propionate being an inhibitor of GABA transaminase.
12
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The increased concentration of GABA in the brain of propionate-treated animals
probably caused increased release of GABA from GABAergic nerve endings, as suggested by
the results with isolated nerve endings in this study. The cytosolic concentration of GABA in
GABAergic nerve endings determines the degree of filling of synaptic vesicles 30, and so a
higher concentration of GABA in nerve endings leads to a greater release of GABA during
neuronal activity, leading to greater activation of GABA receptors. An increased release of
GABA probably caused the lethargic state elicited by propionate administration; a similar
reaction is seen with -vinyl GABA, a specific inhibitor of GABA transaminase 17.
Therefore, it is likely that an elevated level of propionate leads to increased inhibitory
(GABAergic) neurotransmission and thereby contributes to the lethargy observed in patients
with propionic acidemia 1.
Propionate-treated animals had reduced cerebral metabolism of glucose, as could be
seen from the diminished radiolabeling of amino acids from [14C]glucose. This most likely
reflected the inhibitory effect of GABA on neuronal activity. The same effect can be seen
after treatment with GABAA receptor agonists 31,32.

Neurons probably lack mitochondrial propionyl-CoA synthetase
The inhibitory effect of propionate on neuronal GABA transaminase (e.g. in isolated nerve
terminals) implies that propionate entered neuronal mitochondria, because GABA
transaminase is a mitochondrial enzyme associated with the inner mitochondrial membrane
33. It has previously been shown that neurons, in contrast to astrocytes, are unable to
metabolize propionate oxidatively although they do metabolize propionyl-CoA, which is
formed during the metabolism of isoleucine 9. The present finding of propionate-mediated
inhibition of GABA transaminase therefore strongly suggests that propionate enters neuronal
mitochondria, but that it is not further metabolized 9 due to a lack of mitochondrial
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propionyl-CoA synthetase. A lack of mitochondrial propionyl-CoA synthetase would leave
neurons unable to dispose of even mildly elevated levels of propionate during episodes of
propionic acidemia, adding to the vulnerability of the brain in this condition.

Propionate-induced vulnerability of GABAergic neurons?
Inhibition of GABA transaminase implies inhibition of TCA cycle activity in GABAergic
neurons, because, in these neurons, TCA cycle activity involves formation and breakdown of
GABA to a high degree 17,26 (cf. Fig. 1). Inhibition of energy metabolism could render
GABAergic neurons vulnerable to other stressors, e.g. lipid peroxidation and protein
carbonylation, which have been shown to occur in the brains of experimental animals exposed
to propionate 6,7 as well as to the effects of hyperammonemia, which follows from the
inhibitory effect of propionate on N-acetyl-glutamate synthase 34. The reduction in
glutathione levels that were observed in isolated nerve endings exposed to propionate could
contribute to this vulnerability.
GABAergic neurons make up more than 90% of the neurons in striatum 16.
Therefore, the inhibitory effect of propionate on GABA transaminase and the TCA cycle
activity of GABAergic neurons may render striatum especially vulnerable in patients with
propionic acidemia. This could explain why the striatum so frequently undergoes
degeneration in patients with this disorder 1-3. We cannot at present explain the reduction in
extracellular GSH when nerve terminals were exposed to propionate, but the finding mimics
the observation that plasma GSH is reduced in children with propionic acidemia [35] and it
corroborates earlier findings of reduced GSH levels in rodent models of propionic acidemia
[7].

14

This is a postprint version. DOI to published version: 10.1042/BCJ20170814

Disclosure/Conflict of Interest
The authors have no conflict of interest to declare.

Funding
This study was supported by The Norwegian Health Association (Grant #1513).
Author contributions:
All authors contributed to study design and rationale, laboratory work, data analysis, and
writing of the manuscript.

15

This is a postprint version. DOI to published version: 10.1042/BCJ20170814

References
1. Fenton, W.A., Gravel, R.A.A. and Rosenblatt, D.S. (2001) Disorders of propionate and
methylmalonate metabolism. In: Scriver C.R., Beaudet A.L., Sky W.S. and Valle D.
(eds.) The metabolic and molecular bases of inherited disease, 8th ed. McGraw-Hill, Inc.,
New York, pp 2165-2193
2. Johnson, J.A., Le, K.L. and Palacios, E. (2009) Propionic acidemia: case report and
review of neurologic sequelae. Pediatr. Neurol. 40, 317-320
3. Grünert, S.C., Müllerleile, S., De Silva, L., Barth, M., Walter, M., Walter, K., et al.
(2013) Propionic acidemia: clinical course and outcome in 55 pediatric and adolescent
patients. Orphanet J. Rare Dis. 8, 6
4. van den Berg, H., Boelkens, M.T. and Hommes, F.A. (1976) A case of methylmalonic
and propionic acidemia due to methylmalonyl-CoA carbonylmutase apoenzyme
deficiency. Acta Paediatr. Scand. 65, 113-118
5. MacFabe, D.F. (2015) Enteric short-chain fatty acids: microbial messengers of
metabolism, mitochondria, and mind: implications in autism spectrum disorders. Microb.
Ecol. Health Dis. 26, 28177
6. Pettenuzzo, L.F., Schuck, P.F., Fontella, F., Wannmacher, C.M., Wyse, A.T., DutraFilho, C.S., et al. (2002) Ascorbic acid prevents cognitive deficits caused by chronic
administration of propionic acid to rats in the water maze. Pharmacol. Biochem. Behav.
73, 623-629
7. MacFabe, D.F., Cain, D.P., Rodriguez-Capote, K., Franklin, A.E., Hoffman, J.E., Boon,
F., et al. (2007) Neurobiological effects of intraventricular propionic acid in rats: possible
role of short chain fatty acids on the pathogenesis and characteristics of autism spectrum
disorders. Behav. Brain Res. 176, 149-169

16

This is a postprint version. DOI to published version: 10.1042/BCJ20170814

8. Al-Ghamdi, M., Al-Ayadhi, L. and El-Ansary, A. (2014) Selected biomarkers as
predictive tools in testing efficacy of melatonin and coenzyme Q on propionic acid –
induced neurotoxicity in rodent model of autism. BMC Neurosci. 15, 34.
9. Nguyen, N.H., Morland, C., Gonzalez, S.V., Rise, F., Storm-Mathisen, J., Gundersen, V.
and Hassel, B. (2007) Propionate increases neuronal histone acetylation, but is
metabolized oxidatively by glia. Relevance for propionic acidemia. J. Neurochem. 101,
806-814
10. Rivera-Barahona, A., Fulgencio-Covián, A., Pérez-Cerdá, C., Ramos, R., Barry, M.A.,
Ugarte, M., et al. (2017) Dysregulated miRNAs and their pathogenic implications for the
neurometabolic disease propionic acidemia. Sci. Rep. 7, 5727
11. Cheema-Dhadli, S., Leznoff, C.C. and Halperin, M.L. (1975) Effect of 2-methylcitrate on
citrate metabolism: implications for the management of patients with propionic acidemia
and methylmalonic aciduria. Pediatr. Res. 9, 905–908
12. Stumpf, D.A., McAfee, J., Parks, J.K. and Eguren, L. (1980) Propionate inhibition of
succinate:CoA ligase (GDP) and the citric acid cycle in mitochondria. Pediatr. Res. 14,
1127-1131
13. Patel, T.B., DeBuysere, M.S. and Olson, M.S. (1983) The effect of propionate on the
regulation of the pyruvate dehydrogenase complex in the rat liver. Arch. Biochem.
Biophys. 220, 405-414
14. Schwab, M.A., Sauer, S.W., Okun, J.G., Nijtmans, L.G., Rodenburg, R.J., van den
Heuvel, L.P., et al. (2006) Secondary mitochondrial dysfunction in propionic aciduria: a
pathogenic role for endogenous mitochondrial toxins. Biochem. J. 398, 107-112
15. Amaral, A.U., Cecatto, C., Castilho, R.F. and Wajner, M. (2016) 2-Methylcitric acid
impairs glutamate metabolism and induces permeability transition in brain mitochondria.
J. Neurochem. 137, 62-75.

17

This is a postprint version. DOI to published version: 10.1042/BCJ20170814

16. Gerfen, C.R. (1988) Synaptic organization of the striatum. J. Electron Microsc. Tech. 10,
265-281
17. Hassel, B., Johannessen, C.U., Sonnewald, U. and Fonnum, F. (1998) Quantification of
the GABA shunt and the importance of the GABA shunt versus the 2-oxoglutarate
dehydrogenase pathway in GABAergic neurons. J. Neurochem. 71, 1511-1518
18. Samuels, H.H., Stanley, F., Casanova, J. and Shao, T.C. (1980) Thyroid hormone nuclear
receptor levels are influenced by the acetylation of chromatin-associated proteins. J. Biol.
Chem. 255, 2499-2508
19. Dahlberg, D., Ivanovic, J. and Hassel, B. (2014) High extracellular concentration of
excitatory amino acids glutamate and aspartate in human brain abscess. Neurochem. Int.
69, 41-47
20. Henjum, S. and Hassel, B. (2007) High-affinity GABA uptake and GABA-metabolizing
enzymes in pig forebrain white matter: a quantitative study. Neurochem Int 50:365-370
21. Kugler, P., Vogt, S. and Gehm, M. (1988) Quantitative succinate dehydrogenase
histochemistry in the hippocampus of aged rats. Histochemistry 88, 299-307
22. Gray, E.G. and Whittaker V.P. (1962) The isolation of nerve endings from brain: an
electron-microscopic study of cell fragments derived by homogenization and
centrifugation. J. Anat. 96, 79-88
23. Hassel, B., Elsais, A., Frøland, A.S., Taubøll, E., Gjerstad, L., Quan, Y., Dingledine, R.,
Rise, F. (2015) Uptake and metabolism of fructose by rat neocortical cells in vivo and by
isolated nerve terminals in vitro. J. Neurochem. 133, 572-581
24. Matamales, M., Bertran-Gonzalez, J., Salomon, L., Degos, B., Deniau, J.M., Valjent, E.,
et al. (2009) Striatal medium-sized spiny neurons: identification by nuclear staining and
study of neuronal subpopulations in BAC transgenic mice. PLoS One 4, e4770

18

This is a postprint version. DOI to published version: 10.1042/BCJ20170814

25. Chapman, A.G., Riley, K., Evans, M.C. and Meldrum, B.S. (1982) Acute effects of
sodium valproate and gamma-vinyl GABA on regional amino acid metabolism in the rat
brain: incorporation of 2-[14C]glucose into amino acids. Neurochem. Res. 7, 1089-1105
26. Johannessen, C.U., Petersen, D., Fonnum, F. and Hassel, B. (2001) The acute effect of
valproate on cerebral energy metabolism in mice. Epilepsy Res. 47, 247-256
27. Ottersen, O.P. and Storm-Mathisen, J. (1985) Different neuronal localization of aspartatelike and glutamate-like immunoreactivities in the hippocampus of rat, guinea-pig and
Senegalese baboon (Papio papio), with a note on the distribution of gammaaminobutyrate. Neuroscience 16, 589-606
28. Hassel, B., Westergaard, N., Schousboe, A. and Fonnum, F. (1995) Metabolic differences
between primary cultures of astrocytes and neurons from cerebellum and cerebral cortex.
Effects of fluorocitrate. Neurochem. Res. 20, 413-420
29. Gundersen, V., Holten, A.T. and Storm-Mathisen, J. (2004) GABAergic synapses in
hippocampus exocytose aspartate on to NMDA receptors: quantitative immunogold
evidence for co-transmission. Mol. Cell. Neurosci. 26, 156-165
30. Kirmse, K. and Kirischuk, S. (2006) Ambient GABA constrains the strength of
GABAergic synapses at Cajal-Retzius cells in the developing visual cortex. J. Neurosci.
26, 4216-4227
31. Choi, I.Y., Lei, H. and Gruetter, R. (2002) Effect of deep pentobarbital anesthesia on
neurotransmitter metabolism in vivo: on the correlation of total glucose consumption with
glutamatergic action. J. Cereb. Blood Flow Metab. 22, 1343-1351
32. Serres, S., Raffard, G., Franconi, J.M. and Merle, M. (2008) Close coupling between
astrocytic and neuronal metabolisms to fulfill anaplerotic and energy needs in the rat
brain. J. Cereb. Blood Flow Metab. 28, 712-724

19

This is a postprint version. DOI to published version: 10.1042/BCJ20170814

33. Schousboe, I., Bro, B. and Schousboe, A. (1977) Intramitochondrial localization of the 4aminobutyrate-2-oxoglutarate transaminase from ox brain. Biochem. J. 162, 303-307
34. Dercksen, M., IJlst, L., Duran, M., Mienie, L.J., van Cruchten, A., van der Westhuizen,
F.H. and Wanders, R.J. (2014) Inhibition of N-acetylglutamate synthase by various
monocarboxylic and dicarboxylic short-chain coenzyme A esters and the production of
alternative glutamate esters. Biochim. Biophys. Acta 1842, 2510-2516
35. Salmi, H., Leonard, J.V. and Lapatto, R. (2012) Patients with organic acidaemias have an
altered thiol status. Acta Paediatr. 101, e505-508

20

This is a postprint version. DOI to published version: 10.1042/BCJ20170814

21

This is a postprint version. DOI to published version: 10.1042/BCJ20170814

Figure 1 Simplified scheme of glycolysis, the TCA cycle, and the GABA shunt, and how
glutamate, GABA, aspartate, and propionate relate to the TCA cycle. In GABAergic neurons,
-ketoglutarate (-Kg) may be converted into succinate along two pathways: the
conventional TCA cycle pathway (through -ketoglutarate dehydrogenase and succinyl-CoA
ligase) or the GABA shunt. In the GABA shunt, -ketoglutarate is converted to glutamate,
which is decarboxylated to GABA. GABA is transaminated to succinic semialdehyde (SSA)
by GABA transaminase (red arrow), which is inhibited by propionate. Succinic semialdehyde
is converted into succinate. Succinate is successively converted into fumarate, malate, and
oxaloacetate; the latter gives rise to aspartate. In GABAergic neurons, the GABA shunt
accounts for approximately 50% of the flux from -ketoglutarate to succinate and is therefore
important for energy production in these neurons [17].
The lower part of the scheme shows conversion of propionate to propionyl-CoA by propionylCoA synthetase (blue arrow; probably not expressed in neuronal mitochondria) and
subsequent formation of L-methylmalonyl-CoA (MMA-CoA) by propionyl-CoA carboxylase
(green arrow), which is dysfunctional in propionic acidemia. L-MMA-CoA is converted to RMMA-CoA, which is converted to succinyl-CoA and hence to succinate.
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Figure 2 Concentrations of propionate, GABA, and aspartate in mouse brain or serum 5
minutes after i.v. injection of propionate. Mice received sodium [1-13C]propionate, 1.25, 2.5,
or 5 mol/g bodyweight, i.v. Brains (a) and sera (b) were analyzed by 13C NMR spectroscopy
for content of [1-13C]propionate (mice were perfused transcardially with saline to remove
blood from the brain). c and d: Awake mice received sodium propionate, 1.25, 2.5, or 5
mol/g bodyweight, i.v. At 5 minutes the animals were killed by decapitation, and the heads
were immediately frozen in liquid nitrogen. Brains were analyzed for GABA and aspartate.
Data are (in a, c, and d) nmol/mg tissue, (in b) mmol propionate/L; mean + SD values; N = 47 animals in each group. Asterisks: difference from control; *: p < 0.05.
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Figure 3 Effect of propionate on histone H4 acetylation in neurons. Wake mice received
sodium propionate, 5 mol/g bodyweight, or saline, and were killed 15 minutes later.
Confocal photomicrographs show histone H4 acetylation (green) and glial fibrillary acidic
protein (GFAP; red) in striatum of controls (a) and propionate-treated (b) mice (upper panels)
and in the overlying neocortex of controls (c) and propionate-treated (d) mice (lower panels).
Nuclei not coinciding with GFAP staining were considered neuronal. Acetylated histone
signal may also be seen in astrocytes (arrow), in which GFAP and acetylated histones are
present in close approximation to GFAP. Scale bars 10 m. Diagrams to the right show
histone acetylation as percent of control in striatum and cortex, respectively, mean + SD; N =
6 animals in each group. *: p  0.02.
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Figure 4 Inhibition of GABA transaminase by propionate. Mouse brain homogenates (N = 5)
were assayed for GABA transaminase (GABA-T), aspartate aminotransferase (ASAT), and
succinate dehydrogenase (SDH) activities in the presence of propionate, 0-100 mmol/L. Data
are nmol/mg tissue x min-1 or (in the case of SDH) percent of control; mean + SD values.
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Figure 5 Effect of propionate on the extracellular concentration of GABA and glutathione
(GSH) in preparations of isolated nerve endings. Isolated nerve endings (synaptosomes)
were incubated at 37oC in incubation medium containing sodium propionate, 0-30 mmol/L,
and potassium at depolarizing concentration (25 mmol/L). At 15 minutes nerve endings were
gently pelleted by centrifugation, and the extracellular fluid (supernatant) was analyzed with
respect to amino acids. Data are mean + SD values; N=3 per value. Asterisks: difference
from control; *: p < 0.05; **: p < 0.01; ***: p<0.001, one-way ANOVA with Dunn’s correction.
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Figure 6 Effect of propionate on metabolism of glucose manifesting as radiolabeling of
amino acids from [14C]glucose in striatum and neocortex. Mice received saline or sodium
propionate, 5 mol/g bodyweight, i.v. At 5 minutes, they received 10 Ci [U-14C]glucose i.v.,
and they were killed 10 minutes later. Data are dpm/nmol; mean + SD values; N = 7 animals
in each group. Asterisks: difference from control; *: p < 0.03; **: p < 0.003; one-way ANOVA
with Dunnet’s correction for multiple comparisons. Abbreviations: Ala: alanine, Asp:
aspartate, Gln: glutamine, Glu: glutamate.
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