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Abstract

Background

—

Methylmalonic aciduria is an inborn error of metabolism charaet@ by accumulation ¢
methylmalonate (MMA), propionate and 2-methyicitrate (2-MCA) body fluids. Early
diagnosis and current treatment strategies aimed at limitneg production of thege
metabolites are only partially effective in preventing neurological dama

Methods

To explore the metabolic consequences of methylmalonic acidurtzedordin, we used 3P
organotypic brain cell cultures from rat embryos. We challengedulieres at two differer
developmental stages with 1 mM MMA, propionate or 2-MCA appliedhégievery 12 h. |
a dose—response experiment cultures were challenged with 0.01, 0.1, 0.33Mr2HMCA.
Immunohistochemical staining for different brain cell markeerevused to assess cell

=




viability, morphology and differentiation. Significant changes wergated by Western blot
analysis. Biochemical markers were analyzed in culture anégpoptosis was studied by
immunofluorescence staining and Western blots for activated caspase-3.

Results

Among the three metabolites tested, 2-MCA consistently produdwdnbst pronounced
effects. Exposure to 2-MCA caused morphological changes in neurndablal cells
already at 0.01 mM. At the biochemical level the most strikirsgltewas a significar
ammonium increase in culture media with a concomitant glutamirmeater Dose-respor|se
studies showed significant and parallel changes of ammonium and glatatarting from
0.1 mM 2-MCA. An increased apoptosis rate was observed by actiadticaspase-3 after
exposure to at least 0.1 mM 2-MCA.

—

Conclusion

Surprisingly, 2-MCA, and not MMA, seems to be the most toxic bodite in ourin vitro
model leading to delayed axonal growth, apoptosis of glial cells tandnexpecte
ammonium increase. Morphological changes were already observe®-MCA
concentrations as low as 0.01 mM. Increased apoptosis and ammonium aticmnssarted
at 0.1 mM thus suggesting that ammonium accumulation is secondaaly saffering and/or
cell death. Local accumulation of ammonium in CNS, that mayireoraletected in plasma
and urine, may therefore play a key role in the neuropathogenesistinfimalonic aciduri
both during acute decompensations and in chronic phases. If confimmaed, this finding
might shift the current paradigm and result in novel therapeutic strategies.

.

L

Keywords

methylmalonic aciduria, methylmalonate, 2-methylcitrate, propiongfErammonemia,
apoptosis, brain damage, neurotoxicity

Background

Methylmalonic acidurias (MMAurias) are a genetically hegeneous group of inborn errors
of metabolism characterized by the excretion of methylmalacid (MMA) in urine.
Besides MMA, propionic acid (PA) and 2-methylcitric acid (2-MGCa#cumulate in tissues
and body fluids. Isolated MMAuria is caused by defects of th®amondrial enzyme
methylmalonyl-CoA mutase (MCM, EC 5.4.99.2) or in the synthesigsotofactor 5'-
deoxyadenosylcobalamin (AdoCbl). MCM is a key enzyme of the datgiathway of the
amino acids L-isoleucine, L-valine, L-methionine and L-threonisewall as of odd-chain
fatty acids and the side chain of cholesterol [1]. MCM is encodethdoMUT gene (MIM
*609058). Genetic mutations of théUT gene cause MMAuria (MIM #251000) with either
partial (nut) or complete fut®) enzyme deficiency [2]. TheblA type of MMAuria due to a
defect in AdoCbl synthesis is caused by mutations irMREAA gene encoding a protein of
unknown function (MIM *607481) [3] and theblB variant by mutations in theIMAB gene
encoding cobalamin adenosyltransferase (MIM *607568) ¢HA and cbIB variants are
responsive to cobalamin supplementation [3,4].



The age of onset is variable. Most of the patients present withcate life-threatening
metabolic crisis in the first years of life, which is ubugrecipitated by catabolic stress (e.g.
intercurrent illness). The leading clinical sign during crisisomiting, followed by lethargy
and coma, while the biochemical profile is characterized by bukta acidosis,
hyperammonemia, hyperglycinemia and hypoglycemia [5]. Latetdiasms with chronic
progressive disease are also known.

The therapeutic management consists of dietary treatment (feirpdiet) combined with
carnitine and — in responsive forms — cobalamin supplementation. Emetggatayent aims
to prevent or reverse a catabolic state by means of high eiméagg. It has recently been
shown that low protein diet and L-carnitine significantly reduceanyi biomarkers of protein
and lipid oxidative damage [6]. Retrospective studies have shown thatvasuand
neurological outcome were unfavorable in patients with an early andéir not responding
to cobalamin [7]. The overall survival rate has improved during theviasdecades, but the
long-term outcome remains unsatisfying. Quality of life oketiéd patients is massively
impaired by neurological (extrapyramidal movement disordeveldpmental delay) and
renal (chronic renal failure) complications [8,9]. Despite newbareesing and pre-
symptomatic treatment of MMAuria in several countries, neurodgiomplications remain
significant in affected patients.

Liver transplantation has been used to correct the enzymagctdef MMAuria, the liver
being considered the main organ expressing the propionate cataboliaypathewever,
several reports of neurological deterioration after liver tramgation can be found in the
literature [8,10]. It has been shown that MMA levels in CSk sttatively high even after
liver transplantation, whereas they drop dramatically in blood anck (tifh]. Since the
catabolic pathway of propionate metabolism is expressed in neurdhe déveloping and
adult CNS [12], liver transplantation likely corrects the metali#iect only in the periphery
while autonomous production of potentially neurotoxic metabolites carnostilr in CNS
and can lead to neurologic damage.

Different pathomechanistic concepts for brain damage in MMAunee heeen proposed:
MMA was first considered as the main neurotoxic metabolite, e#dserother studies
suggested toxic effects of propionyl-CoA and 2-MCA [13,14]. MMA hasictural
similarities with known inhibitors of respiratory chain complexahid was thought to be a
mitochondrial toxin [15]. Toxic effects of MMA on primary neuronaltares and in rats
after intrastriatal administration have been demonstrated and could betpdelrg succinate,
N-methyl-D-aspartate receptor antagonists and antioxidantsNIMA loading in cultured
rat striatal neurons resulted in intracellular accumulation ngt @hMMA, but also of 2-
MCA and malonate [14]. Thus, impairment of energy metabolism migimdshiated by a
synergistic inhibition of TCA cycle and mitochondrial respiratangaio by 2-MCA, MMA
and propionyl-CoA [13]. A recent study on isolated rat brain mitochomgmaonstrated an
inhibitory effect of MMA on o-ketoglutarate dehydrogenase. Measurements a-of
ketoglutarate transport and mitochondrial MMA accumulation indicated MMA/a-
ketoglutarate exchange depletes mitochondria from this substreesame group, however,
could not find any permanent defects on mitochondrial respiration intadolarain
mitochondria after intraperitoneal injection of MMA in young rai§][ MMA provoked
oxidative damage and compromised antioxidant defenses in nervedkrand striatum of
young rats [17]. In conclusion, the mitochondrial impairment in MMAseams to be a
combination of inhibition of specific enzymes and transporters,dtroit in the availability
of substrates and oxidative damage [18].



The blood—brain barrier (BBB) has a limited transport capaeitgicarboxylates [19]. It has
been hypothesized that in MMAuria brain-generated dicarboxylatdst inégtrapped in the
CNS and cause neurodegeneration. A low, but specific efflux trangi@odrganic anion
transporter 1 (OAT1) and OAT3 has been shown for MMA across pobcaie capillary
endothelial cells, am vitro model of the BBB [20]. It was also assumed that MMA might
interfere with the transport of dicarboxylates between neurons and asirfithjte

During the last years brain damage has become one of the nsaarafe topics in MMAuria.
The understanding of the underlying neuropathological mechanismsudgalcfor the
development of preventive treatments. In this study we report onfteeedtial effects that
have been observed when exposing developing brain cells in 3D organetyprain cell
cultures to MMA, PA and 2-MCA, the main metabolites of MMAuria.

Methods

Unfortunately, so far there is no viable knock-out mouse model foresoMiMAuria. We
decided to use the 3D rat organotypic brain cell cultures in gaig® as thig vitro system
is well established and has been proven to be a good model for theftodgrn errors of
metabolism in the CNS [22,23]. In addition to the 3-dimensional structur&ining all
brain cell types, the advantage of this model is the possibilistudy different stages of
brain cell development and maturation.

Ethics statement

This study was carried out in strict accordance to the EtRigatiples and Guidelines for
Scientific Experiments on Animals of the Swiss Academy for MedicainSes. The protocol
was approved by the Ethics Committee for Animal Experimentafi®ervice de la
consommation et des affaires vétérinaires, Epalinges, SwitderNo. 1172.5). Sufficient
amount of food and water for transportation and period before sawgiftfi the rats was
added by the commercial provider. All animals were sacrificethalBs after commercial
delivery by decapitation with the use of a guillotine to avoid animal suffering.

3D rat organotypic brain cell cultures in aggregatse

Pregnant Sprague—Dawley rats (Harlan; Netherlands) wenéicgton day 15 of gestation.
Fetal whole brains were extracted, pooled and mechanically diesbcgabx 10 cells were
grown in 8 ml of a serum-free, chemically-defined medium v mM glucose and
maintained under constant gyratory agitation at 37 °C, in an atmosph#&8c CQ and
90% humidified air to form reaggregated 3D primary brain cell cudtae previously
described [22,24]. Media were replenished every three days frormdaye (DIV) 5, by
exchanging 5 ml of medium per culture. On the day of harvest aggneejsts were washed
three times with ice-cold phosphate-buffered saline (PBS) and eititeedded for histology
in cryoform (Tissue-Tek O.C.T. Compound, Sakura Finetek, Netherlands)r@xeh fin
liquid nitrogen-cooled 2-methylbutane (Sigma-Aldrich, Germany); or diréethen in liquid
nitrogen and kept at —80 °C until analysis.



Treatment protocols

Cultures were treated with 0.01, 0.1, 0.33 and 1 mM 2-MCA (Ernesto BRameéro,
Madrid, Spain), 1 mM MMA (Fluka, No 67750, Switzerland) or 1 mM sodpropionate
(PA, Sigma-Aldrich, N° P1880, Germany) buffered in 25 mM HEPE$n{&tAldrich,
Germany) and with pH adjusted to 7.5. Cultures were exposed to onetlofedenetabolites
6 times every 12 hours at two different developmental stagémgtiiom DIV 5 in protocol
A or from DIV 11 in protocol B (Figure 1). Aggregates were hareeStaours after the last
treatment at DIV 8 in protocol A and at DIV 14 in protocol B.

Figure 1 Treatment protocols. Brain cell aggregates were exposed to 1 mM 2-MCA, MMA
and PA at two time points representing different developmental stages of ltirain ce
maturation (Protocols A and B). Metabolites were added 6 times every 12 hourd€ohtiza
arrows) starting on DIV 5 in protocol A and on DIV 11 in protocol B (treatment DIVs are
indicated by black boxes) 12 hours after the change of the medium. Aggregates were
harvested 5 hours after the last treatment on DIV 8 in protocol A and on DIV 14 in protocol
B.

Immunohistochemistry

Immunohistochemical staining was carried out on 6 aggregate cryosections using
antibodies against different markers of brain cell types: phosgtedylmedium weight
neurofilament (p-NFM; clone NN18, Sigma-Aldrich, USA) for neuro®5]| glial fibrillary
acidic protein (GFAP; Millipore, USA) for astrocytes, galactebeoside (GalC; Millipore,
USA) on DIV 8 and myelin basic protein (MBP; Santa Cruz Biotechnology, USA) orlBIV
for oligodendrocytes, and peroxidase-labeled isolectin B4 (Siyavéch, USA) on DIV 8
for microglia. Briefly, sections were fixed for 1 h in 4% parafaldehyde in PBS (Sigma-
Aldrich, Germany) at room temperature. Endogenous peroxidaseyaetastquenched with
1.5% HO, in PBS (Sigma-Aldrich, Germany) and non-specific antibody bindieg svere
blocked with 1% bovine serum albumin in PBS (BSA-PBS; Sigma-Ald@armany) for 1
h. Primary antibodies diluted 1:100 in 1% BSA-PBS where applied tossand further
detected with anti-mouse or anti-rabbit IgG coupled to horseradiskigase (HRP, Bio-
Rad Laboratories, USA). Staining was processed using the AEC &abSet for BD"
ELISPOT according to the manufacturer's protocol (BD Biose®nt/SA). For negative
controls, primary antibodies were omitted resulting in no stainihg.sfained sections were
mounted under FluorSal’® Reagent (Calbiochem, USA), observed and digitized using an
Olympus BX50 microscope equipped with a UC30 digital camera (Olympus, Japan).

Immunofluorescence

Detection of cleaved caspase-3 in aggregates was performedheityramide Signal
Amplification Kit (Life Technologies, USA). Aggregate cryosens (16pum) were subjected
to the same procedure as described above for immunohistochemistrgp@tmiic antibody
binding sites were blocked for 1 h at room temperature with the hipdiaffer of the Kkit.
The primary antibody against the large fragment (17/19kDa) ofasetl caspase-3 (Cell
Signaling Technology, USA) diluted 1:1000 in blocking buffer was appliedetbiosis
overnight at 4 °C. After washing, sections were incubated with & Rt-rabbit IgG
secondary antibody (provided by the kit) for 1 h. Peroxidase stpimas performed using
Alexa Fluof® 555-labeled tyramide diluted 1:200 in amplification buffer (providethiykit)



and applied to sections for 10 min. Negative controls were procdssedrne but omitting
the primary antibody, resulting in no staining. Sections were mounted &haeSavé"
reagent. The sections were observed and photographed with an OlymbOsriefoscope
equipped with a UC30 digital camera.

In situ cell death detection

To detect typical features of apoptosis (fragmented nuclei, apoptudies), nuclear DNA
was stained using the blue fluorescent 4',6-diamidino-2-phenylindole I(OARtrogen,
USA). Aggregate cryosections (16n) were incubated with DAPI for 10 min at room
temperatureln situ detection of cell death was performed using terminal deoxynuotyoti
transferase (TdT)-mediated dUTP nick end labeling (TUNEL) orub6cryosections of
aggregates. TUNEL staining was performed according to supptiemraendations using
theln Stu Cell Death Detection Kit with Fluorescein (Roche ApplieieBce, Switzerland)
resulting in green fluorescence in dying cells.

Western blot analysis

Aggregates were homogenized in 150 mM sodium chloride, 50 mM Tris—HC8,(aH.%
NP-40 (Sigma-Aldrich, Germany) and Protease Inhibitor Cockt@bmplete Mini (Roche
Applied Science, Switzerland) and sonicated for 5 seconds. Lysaes eleared by
centrifugation at 12’000 rpm for 30 min at 4 °C. After dilution, prot@ntent was measured
by bicinchoninic acid assay (BCA) (Thermo Scientific, USA)dadiluted to a final
concentration of 1.2ig/ul in NUPAGE® LDS Sample Buffer (Life Technologies, USA).
Samples were heated at 70 °C for 10 min and resolved on NuPAGE% Bis—Tris Gel
(for p-NFM) or NuPAGE 12% Bis—Tris Gel (for GFAP, MBP, actin and caspase-3) using
NUuPAGE® MOPS SDS Running Buffer (Life Technologies, USA) at a constalitage (200
V, 60 min). Proteins were transferred onto Immobilon-FL PVDF, Qu4b membranes
(Millipore, USA). Membranes were blocked with 5% non-fat dry nilkTBS-Tween (20
mM Trizma base, 137 mM NacCl, 0.05% Tween, pH 7.6) for 1 h at room tatape After
blocking, the membranes were incubated overnight with differentapyientibodies against
GFAP, MBP, p-NF-M, Actin (I-19) (Santa Cruz Biotechnology, USAJuwklength (35kDa)
and large fragment (17/19 kDa) of caspase-3 (Cell Signaling TexhnoUSA) diluted
1:1000 in 3% dry milk and TBS-Tween. The membranes were probed Wihddnjugated
goat anti-mouse IgG or goat anti-rabbit IgG (1:3000; Vector labaeatotJSA) and
developed by chemiluminescence (ECL Western Blotting Detecti@agénts; GE
Healthcare, France). Blots were stripped (ReBlot Plus MinMibody Stripping Solution;
Millipore, USA) and re-probed with antibody against actin as tla€itg control. Images
were taken with a Luminescent Image Analyzer LAS-4000 (Fujfilnfe Science) and
guantified with the public Java-based image processing progragedn{ilational Institutes
of Health). Data acquired in arbitrary densitometric units wewemalized to actin and
transformed to percentages of the densitometric levels obtained from scangr@fsamples
visualized on the same blots.

Measure of basic metabolites and amino acids in thaulture media

Ammonium was measured on an Integra automatic analyzer (Rochedseg) lactate and
lactate dehydrogenase (LDH) were measured on a Modular aut@nalyzer (Roche); free
amino acids were analyzed on a Beckman 6300 amino acid analydescaed previously
[26].



Statistics

All data points are expressed as mean * standard error ah¢he (SEM). Statistical
difference was determined with Studerttigst.

Results and discussion

We used 3D organotypic brain cell cultures in aggregates to explontro, the effects of
the three main metabolites (2-MCA, MMA and PA) accumulated in Ifloéys of subjects
affected by MMAuria. Ouin vitro model is particularly suitable for studying neurotoxicity
because the aggregates contain all types of brain cells withsfontaneous connections
between each other. In addition, this model reproduces early phases of brain denthopin
has proven to be optimal to study differential effects of me@la@rangements (such as
hyperammonemia) in developing brain compared to adult brain tissu25[22This is
particularly important when studying a disorder in which the maatndtic brain damage
occurs in early childhood.

Morphological changes of developing brain cells iour in vitro model for
MMAuria

Neurons

Immunohistochemical staining for p-NFM that normally only labekxona showed a
substantial decrease of axonal labeling at DIV 8, and intergsangtention of the signal in
neuronal bodies at DIV 8 and 14, after exposure to 2-MCA and to & tedsad to PA on
DIV 8 (Figure 2A; left panel). For 2-MCA, signal retention waseatly observed at 0.01
mM, the lowest tested concentration, on DIV 8 and at 0.1 mM on I\(Figure 2B). In
contrast, MMA exposure on DIV 8 induced a slight increase of p-M&ptession, without
altering neuronal and axonal morphology (Figure 2A; left panel, DIV @y signal increase
may be explained by a stimulatory effect of MMA on neuronal graov differentiation, as
also described below for oligodendrocytes. The semi-quantitatiadysss of p-NFM
expression by Western blotting showed an increase in cultuegsdravith all metabolites
compared to control on DIV 8 (Figure 2A; right panel). Higher p-N&kpression after 2-
MCA and PA exposure on DIV 8 is most likely an artifact whiah probably be explained
by the deleterious effect on the overall cell survival legdim diminished total protein
content in these cultures. Since Western blots are performbedawdefined protein quantity
this might lead to the appearance of a falsely increased expression obt&is. pr

Figure 2 Effects of 2-MCA, MMA and PA on neurons.Immunohistochemical staining for
phosphorylated medium weight neurofilament (p-NFM) on cryosections of culturesdder
from DIV 8 and DIV 14. Cultures were exposed to 1 mM 2-MCA, MMA or RAIléft

panel) or lower concentrations of 2-MC/J. Stained cell bodies are indicated by black
arrows. Scale bar: 1Qdn. A; right panel: Representative Western blots with data
guantification of whole-cell lysates for p-NFM on DIV 8 (above) and on DIV 14 (below)
Actin was used as a loading control. The quantifications of p-NFM normalizedri@eet
expressed as percentage of respective controls. The values represent th&ggainam
three replicates taken from two independent experiments.




Astrocytes

Compared to controls aggregates treated with 2-MCA showed dicaghidecrease in
astrocyte fiber density, an enlargement of astrocytic bodies amablling of proximal fibers
(Figure 3A, left panel). On DIV 8 a decrease of fiber densifyg already observed after
exposure to 0.01 mM 2-MCA, followed by the appearance of swollersféoed astrocytic
bodies at 0.1 mM. On DIV 14 enlarged astrocytic bodies were al@zsbrved at 0.01 mM,
whereas a decreased fiber density and swollen fibers werg@adgnt from concentrations
of 0.1 mM on (Figure 3B). We speculate that this is the early appea of suffering
astrocytes that are going to develop a major swelling. Exptsu®é on DIV 14 revealed a
slight decrease in the density of astrocytic fibers (Fi@&gleft panel). Aggregates treated
with PA (DIV 8) or with MMA (DIV 8 and 14) did not show any sifjnant changes
compared to controls (Figure 3A; left panel). A Western blot dlication of GFAP
expression was performed and did not present any significanataterfor any of the
treatments (Figure 3A; right panel).

Figure 3 Effects of 2-MCA, MMA and PA on astrocytes.Immunohistochemical staining

for glial fibrillary acidic protein (GFAP) on cryosections of cultures oN Bland 14.

Cultures were exposed to 1 mM 2-MCA, MMA or PA; (eft panel) or lower

concentrations of 2-MCAHR). Swollen proximal fibers are indicated by black arrows. Scale
bar: 100um. A; right panel: Representative Western blots with data quantification of whole-
cell lysates for GFAP on DIV 8 (above) and on DIV 14 (below). Actin was used adiagoa
control. The quantifications of GFAP levels normalized to actin are exprespetcaatage

of respective controls. The values represent the mean = SEM from threetespbéan from
two independent experiments.

Oligodendrocytes

Oligodendrocytes in immature cultures (DIV 8) were studied @@hC, which is one of the
earliest markers for this cell type. We did not observe abgtantial effect on GalC signal
for the treatments on DIV 8 (Figure 4A; left panel; DIV 8). foore developed cultures
(DIV 14) MBP staining was used. Treatment with 2-MCA on [/ revealed a signal loss
for MBP, whereas exposure to MMA and PA resulted in a signifisigmal increase (Figure
4A; left panel; DIV 14). In the dose—response experiment for 2-MC3light decrease of
MBP signal was already observed at 0.1 mM (Figure 4B). Westettinigl of cultures from
DIV 14 confirmed a slightly increased expression of MBP dfidiA treatment and the
decreased MBP expression after 2-MCA exposure (Figure 4A; right panel).

Figure 4 Effects of 2-MCA, MMA and PA on oligodendrocytesImmunohistochemical
staining for galactocerebroside (GalC, DIV 8) and myelin basic proteiriP(NDBY 14) on
cryosections of cultures on DIV 8 and 14. Cultures were exposed to 1 mM 2-MCA, MMA or
PA (A; left panel) or lower concentrations of 2-MCMJ. Scale bar: 10Qm. A, right

panel: Representative Western blots with data quantification of whole-cell lyeatbHP

on DIV 14. Actin was used as a loading control. The quantifications of MBP levels
normalized to actin are expressed as percentage of respective controlsu€beaelesent

the mean + SEM from three replicates taken from two independent experiments.




Microglia

The presence of microglia was tested by immunostaining soleatin on DIV 8. No
interesting changes were observed (data not shown).

In contrast to previous studies [14] we could not show any deleterffacsseof MMA on
brain cell morphology in oun vitro model for MMAuria. The only observation that differed
from controls was a slight stimulation of neuronal and oligodendrooyt@vth or
differentiation on DIV 8 and DIV 14, respectively. This finding andcaasequences for the
developing brain has to be further assessed. 2-MCA turned out to beoshal@structive
metabolite in our model with effects on cell morphology alreadyleisat concentrations as
low as 0.01 mM. Light microscopy showed that astrocytes at bothapewehtal stages
severely suffered from 2-MCA treatment showing fiber reductiod @roximal fiber
swelling. Further, 2-MCA exposure of immature cultures (DIV é&uited in diminished
axonal outgrowth, retarded neuronal differentiation or axonal degemeratso observed on
DIV 8 and DIV 14 by p-NFM accumulation in neuronal cell bodies. In nuweeloped
cultures (DIV 14) 2-MCA exposure let to retarded differentiatbroligodendrocytes. PA
exposure had less pronounced effects on neuronal differentiation on DRd &udtle
oligodendrocytic boosting on DIV 14.

Biochemical changes in culture media in oum vitro model for MMAuria

Glucose and Lactate

As compared to controls, PA exposure on DIV 8 and 2-MCA exposure orlDBAused a
significant decrease in the glucose levels, while glucosésle¥eultures exposed to MMA
did not change significantly (Figure 5A). In parallel to decréagecose levels, a significant
increase in lactate levels was measured in the medium ofesulii@ated with 2-MCA and
PA on DIV 8 and 14 (Figure 5B). No significant changes of gleiamslactate levels were
observed for 2-MCA concentrations below 1 mM on DIV 8 (data not shanah)14 (Figure

5A and B, right panel).

Figure 5 Effects of 2-MCA, MMA and PA on glucose and lactate level$slucose A) and
lactate B) were measured in the medium of cultures from DIV 8 and DIV 14. Cultures were
exposed to 1 mM 2-MCA, MMA or PAX and B; left panel, DIV 8 and 19 or lower
concentrations of 2-MCAA and B; right panel, DIV 14). Mean = SEM of 4 to 7 replicate
cultures assessed by Studemsst; **p<0.01, *** p<0.001.

Ammonium and Glutamine

A significant increase in ammonium concentrations was measuredlture media after
exposure to 2-MCA and PA on DIV 8 and 14 with a 25-fold ammonium irneratier 2-

MCA treatment on DIV 14 (Figure 6A). In parallel to the desaiberease of ammonium
levels a significant decrease of glutamine in the culture media of esilingated with 2-MCA
on DIV 8 and 14 and to a lesser extent with PA on DIV 8 wasrebdddFigure 6B). Dose—
response experiments with lower 2-MCA concentrations revealedndicant change of
ammonium and glutamine starting at 0.1 mM (Figure 6C and D).



Figure 6 Effects of 2-MCA, MMA and PA on ammonium and glutamine levels.

Ammonium @ and C) and glutamineR and D) were measured in the medium of cultures
from DIV 8 and DIV 14. Cultures were exposed to 1 mM 2-MCA, MMA or PAatd B) or
lower concentrations of 2-MCAJ(and D). Mean + SEM of 4 to 7 replicate cultures assessed
by Student’'d-test; *p<0.05, **p<0.01, *** p<0.001.

For human hyperammonemic patients, data are lacking on extracddhain ammonium
concentration. However, serum levels of ammonium leading to iribleerdamage to the
developing CNS can peak as high as 2000 usually after chronic hyperammonemia in the
range of 20QuM [27]. The correlation of hyperammonemia and decreased glutanvials le
has already been observed in patients with propionic acidemia. The sadiboussed a
potential inhibition of the enzyme glutamine synthetase, but concludi @useries of other
metabolic alterations observed in patients that hyperammoneama more likely be
explained by the inability to maintain adequate levels of glutarpmeeursors through a
dysfunctional Krebs cycle [28]. The observed ammonia concentratrensoanparable to
those applied to the sanne vitro model to induce brain cell damage when modeling urea
cycle disorders [25].

The biochemical parameters confirm the observations from braimegbhology concerning
the toxicity of the three metabolites: MMA exposure does not feignily alter the
metabolism of brain cells. Surprisingly, media of cultures tceatiéh 2-MCA contained 25-
fold more ammonium than controls. Ammonium is a well known toxin for t8&.Gt has
been shown to have an influence on axonal elongation [25], to provoke astswegting
and to contribute to white matter changes observed in patientgirsgiffeom primary
hyperammonemia [29]. This could implicate that patients with MMa&\dtring crisis might
suffer from a more severe intracerebral ammonium accumuldteom gredicted by blood
hyperammonemia and may also suffer from cerebral ammonia iat@xicduring chronic
illness, leading to brain damage even in the absence of metabmdosia and
hyperammonemia. If confirmed by further investigationgivo, this finding might open new
therapeutic perspectives. The cause of ammonium accumulation incetins unclear.
Urea cycle enzymes are incompletely expressed in braimpaacid catabolism in brain cells
produces ammonium at a slower rate than in liver and therefatanghe synthesis is
sufficient to avoid ammonia accumulation. The astrocytic ATP-deperteyme glutamine
synthetase acts under physiological conditions as a buffeystgns for detoxification of
ammonium in the CNS. In conditions of elevated ammonium, glutaminepisced to
increase accordingly. Surprisingly, media of 2-MCA-treated cedturevealed, besides
elevated ammonium, significantly decreased glutamine levels.stiggests that ammonium
accumulation is the consequence of either 2-MCA related inhibitiotutgngine synthetase
activity, astrocytic death leading to lack of glutamine Bgtdse, or energy failure with lack
of ATP resulting in inhibition of glutamine synthetase activity.

2-MCA treatment further resulted in a decrease of glucoseslavnel an increase of lactate in
culture media. Low concentration studies for 2-MCA exposure revehkdthis effect
cannot be observed after exposure to less than 1 mM suggestitigsist secondary effect
in the neuropathogenesis. The combination of decreased glucose levelsreasketh¢actate
production is also observed in patients’ blood during metabolic crisis. riymde
mechanisms may be the uncoupling of the respiratory chain ggested by previous
publications [18] and/or the inhibition of gluconeogenesisSdimonella enterica, 2-MCA
was found to inhibit fructose-1,6-biphosphatase, the key enzyme for glucaessgend to
interfere with cell growth. This effect was overcome byease of glucose concentration in



the culture medium [30]. Culture exposure to PA reveals similarebstimpressive effects
on biochemical parameters in culture media in comparison to 2-MEatment. As
biochemical changes are only observed with higher 2-MCA concemsatihan the
morphological changes they might not be the origin but the consequeRdd@A toxicity
on the different brain cell types.

2-MCA induced apoptosis in developing brain cells

Lactate dehydrogenase (LDH) was measured in culture mednonwas substantially
increased after 2-MCA exposure on DIV 8 and after 2-MCA or MMposure on DIV 14
(Figure 7B). This observation indicated a possible increaseladezgh in these cultures. To
evaluate cell death, we performed TUNEL, DAPI and activatedspase-3
immunofluorescence labeling. DAPI staining showed an increasedrappe of nuclear
fragmentation and apoptotic bodies in cultures treated with 2-MCAanith both protocols
(data not shown). Staining for TUNEL showed an important signal dserén cultures
treated with 2-MCA on DIV 8 and 14 (data not shown). These findings egrirmed by
the observation of a massively increased number of apoptoticrc@iBCA-treated cultures
and a less pronounced increase of apoptotic cells in PA-treatedesutterived from both
protocols (DIV 8 and 14) after staining with activated caspafégure 7A; left panel).
Increased activation of caspase-3 after treatment with 2-MCA on BAA®DIV 14 or PA on
DIV 8 was also confirmed by Western blots (Figure 7A; right Paraterestingly, a
substantial decrease in the apoptosis rate was observed in MMAedxpells in both
protocols (Figure 7A; left panel). Dose-response experiments witter lcRvMCA
concentrations showed an increase of cleaved caspase-3 sigiraj ftam 0.1 mM on DIV
8 and from 0.33 mM on DIV 14 (Figure 8, left panel). Western blotsleaved caspase-3
revealed a substantially increased activation starting at 0.3mDIV 8 and at 1 mM on
DIV 14 (Figure 8, right panel). On DIV 14, we observed an increapegtosis rate only at
higher concentrations of 2-MCA (0.33 and 1 mM) compared to DIV 8, eviver see the
effect already at 0.01 mM 2-MCA. This is probably due to an addntaturation of the
cells in our aggregates.

Figure 7 Evaluation of cell death after exposure to 2-MCA, MMA and PA. A; left panel:
Immunohistochemical staining for cleaved caspase-3 (red signal). Scal®@am. A;

right panel: Representative Western blots with data quantification of whole-cell lysates
full length caspase-3 and the large fragment of cleaved caspase-3iliatedaaspase-3) on
DIV 8 (above) and on DIV 14 (below). Actin was used as a loading control. The
guantifications of cleaved caspase-3 normalized to actin are expresseckasaoer of
respective controls. The values represent the mean £ SEM from three espidéan from
two independent experimeni. LDH in culture medium of cultures from DIV 8 (above)
and DIV 14 (below). Mean + SEM of seven replicate cultures assessed by $ttstesit’

*** n<0.001.

Figure 8 Evaluation of cell death after treatment with lower concentrations of ZVICA.

Left panel: Immunohistochemical staining for cleaved caspase-3 (red signal). Scal@ba
um. Right panel: Representative Western blots with data quantification of whole-cell $ysate
for full length caspase-3 and the large fragment of cleaved caspaseattfvated caspase-3)
for DIV 8 (above) and DIV 14 (below). Actin was used as a loading control. The
guantifications of cleaved caspase-3 normalized to actin are expresseckasager of
respective controls. The values represent the mean + SEM from three esplicat




Consistent with our findings on cell morphology and metabolism, 2-M@pears to be the
most toxic metabolite in oun vitro model leading to massive apoptosis. Unfortunately, there
IS no data in the literature about intracerebral concentraticl2®/€CA in MMAuria patients.
Given the range of 2-MCA concentrations found in plasma, urine or CPatieints, the
observed effect of altered cell morphology starting already.Gt mM, and of increased
apoptosis starting at 0.1 mM might however reflectithevo situation.

PA also has some destructive effects on cell survivalateless striking than those of 2-
MCA. The significant decrease of apoptosis rate after MMposure remains unexplained
and needs to be further investigated.

The dying cells are most likely glial cells that could berensensitive to 2-MCA as they do
not express the enzymes of the catabolic propionate pathway [1Pdle@ti is also a known
toxic effect of ammonium in the CNS if exposed to high concentraflonsM) or prolonged
in time [31]. There is striking parallelism between increafeammonium, decrease of
glutamine and increase of apoptosis starting at 0.1 mM 2-MCAIgr8[and at 0.33 mM on
DIV 14 which supports the hypothesis that there is a direct link between the obstrved e

In our study we showed that 2-MCA is the most toxic metabolitebfain cells under
development. This is of particular interest as 2-MCA is alsoyarketabolite in another
organic aciduria, namely propionic aciduria, where it reaches a@ble or even higher
levels in body fluids of patients. Patients suffering from propiociduasia show neurological
symptoms similar to those observed in MMAuria [32]. It is thkelY, that the same
mechanisms contribute to neuropathophysiology in both diseases.

Conclusions

In our model of 3D rat organotypic brain cell cultures in aggesgabw concentrations of 2-
MCA already have deleterious effects on neurons (limited axgyomith) and glial cells (cell
swelling and massive apoptosis). These effects seem to precsti&kimag ammonium
accumulation and increased apoptosis. These observations indicatari@iiam may be a
key player in the neuropathogenesis of MMAuria and therefore reghtpotential target for
neuroprotective measures. Ammonium accumulation might be responsilbl&aifordamage
in MMAuria patients not only during metabolic crises but also onrghrdisease course and
even after liver transplantation.
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