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Abstract
Glutaric acidemia type I (GA-I) is a neurometabolic disease caused by deficient activity of glutaryl-CoA dehydrogenase (GCDH)
that results in accumulation of metabolites derived from lysine (Lys), hydroxylysine, and tryptophan catabolism. GA-I patients
typically develop encephalopatic crises with striatal degeneration and progressive white matter defects. However, late onset patients
as well as Gcdh−/− mice only suffer diffuse myelinopathy, suggesting that neuronal death and white matter defects are different
pathophysiological events. To test this hypothesis, striatal myelin was studied in Gcdh−/−mice fed from 30 days of age during up to
60 days with a diet containing normal or moderately increased amounts of Lys (2.8%), which ensure sustained elevated levels of
GA-I metabolites. Gcdh−/−mice fed with 2.8% Lys diet showed a significant decrease in striatal-myelinated areas and progressive
vacuolation of white matter tracts, as compared with animals fed with normal diet. Myelin pathology increased with the time of
exposure to high Lys diet and was also detected in 90-day old Gcdh−/− mice fed with normal diet, suggesting that dietary Lys
accelerated the undergoing white matter damage. Gcdh−/− mice fed with 2.8% Lys diet also showed increased GRP78/BiP
immunoreactivity in oligodendrocytes and neurons, denoting ER stress. However, the striatal and cortical neuronal density was
unchanged with respect to normal diet. Thus, myelin damage seen in Gcdh−/−mice fed with 2.8% Lys seems to be mediated by a
long-term increased levels of GA-I metabolites having deleterious effects in myelinating oligodendrocytes over neurons.
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Introduction

Glutaric acidemia type I (GA-I, MIM# 231670) is an inherited
neurometabolic disease of early infancy caused by mutations in
the mitochondrial enzyme glutaryl-CoA dehydrogenase
(GCDH, MIM# 608801, E.C. 1.3.99.7) that causes severe lack
of enzymatic function. Decreased GCDH activity alters the ca-
tabolism of L-tryptophan, L-lysine (Lys), and L-hydroxylysine
[1–4] causing accumulation of predominantly glutaric and 3-
hydroxyglutaric acids in brain and body fluids. Increased con-
centrations of these organic acids up to millimolar levels are
thought to be associated with GA-I clinical features that include
acute Bencephalopatic crises^ followed by chronic motor and
neurological sequelae [1, 5]. Loss of striatal neurons, progressive
cortical neurodegeneration, and white matter alterations are the
characteristic pathological features of GA-I [2, 6]. Interestingly,
white matter alterations also occur in the absence of neurological
damage as it has been shown in adult onset patients [7–9], sug-
gesting that in GA-I white matter injury and neuronal loss may
be independent pathophysiological processes.
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Accordingly, the Gcdh−/− mouse model of the disease,
which lacks GCDH activity and accumulates high levels of
GA-I metabolites [10, 11], does not suffer spontaneous striatal
neurodegeneration or relevant neurological symptoms, but
presents a diffuse spongiform myelinopathy similar to that
observed in human patients affected by GA-I [10, 11]. As
Gcdh−/−mice show elevated levels of GA-I metabolites repro-
ducing the biochemical profiles of the disease [10, 11], we
propose that white matter defects might depend on sustained
levels of GA-1 metabolites and not strictly on neuron damage.

However, to the best of our knowledge, there are no reports
focused on myelin defects over neuronal damage in GA-I.
Previous works have shown that white matter defects accom-
panied different degrees of acute neurological damage when
Gcdh−/− mice are metabolically stressed by diets containing
high amounts of Lys that raised the levels of glutaric and
3-hydroxyglutaric acids in the brain [6, 12]. These authors re-
ported seizures, paralysis, subarachnoid hemorrhages, and
death within 3 to 6 days in the majority of the 4-week old
Gcdh−/− mice, as well as white matter lesions and neuronal
loss after 6 weeks in 8-week old Gcdh−/−mice, suggesting that
myelin defects occur secondarily to neuron death. Nevertheless,
these results could not been replicatedwhen using their reported
protocol [13, 14] or an alternative model that administers Lys
into the drinking water to ensure sustained Lys consumption
during 14 days [13]. Thus, there are no confirmatory findings
showing that white matter defects depend more on sustained
levels of GA-I metabolites rather than on neuron damage.

To test this hypothesis, we have designed an experimental
protocol in which moderately high amounts of Lys (2.8%) are
administered to weanling Gcdh−/− mice for up to 60 days to
ensure sustained high levels of GA-I metabolites, however, at
concentrations that did not elicit encephalopatic crises or cause
animal death. Therefore, we fed 30-day-old Gcdh−/− and WT
mice with a diet containing 2.8% Lys during 3, 30, or 60 days
and evaluated striatal myelin damage because the striatum is the
most vulnerable brain area to suffer degeneration in patients with
GA-I [1, 4, 15, 16] and correspond to the region earlier affected
in other murine models of GA-I [17]. Results were compared to
Gcdh−/− and WT mice fed with normal Lys content (0.9%).

We found that the moderately high and sustained Lys diet
selectively damaged the white matter in Gcdh−/− mice, prob-
ably by eliciting endoplasmic reticulum (ER) stress.
Interestingly, white matter defects were not associated with
significant cellular or neuronal death.

Materials and Methods

Materials

Sudan III, diamino-2-phenylindole (DAPI), paraformaldehyde,
sodium phosphate-based saline solution, and all other

chemicals of analytical grade were obtained from Sigma (St.
Louis,MO). FluoroMyelin and secondary antibodieswere from
Molecular Probes (Whaltam, MA). Primary antibodies were
purchased to Molecular Probes, abcam (Cambridge, MA),
Millipore (Billerica, MA), and Invitrogen (Whaltam, MA).

Ethical Statement

This study was performed in accordance with the Principles of
Laboratory Animal Care, National Institute of Health of
United States of America, NIH, publication no. 85–23 (2011
revision) and approved by the Ethical Committee for the Care
and Use of Laboratory Animals of the Hospital de Clínicas of
Porto Alegre, and by the National Committee for Laboratory
Animal Care (CNEA) fromUruguay. All efforts were made to
minimize suffering, discomfort, and stress to the animals. The
number of animals employed in this work was necessary to
produce reliable scientific data.

Animals

Wild type (WT, Gcdh+/+) and Gcdh−/− littermates, both of
C129SvEv background, were generated from heterozygotes
and maintained at the Unidade Experimental Animal of the
Hospital de Clínicas de Porto Alegre (Porto Alegre, Brazil)
under a 12:12 h light/dark cycle (lights on 07:00–19:00 h) in
an air-conditioned constant temperature (22 ± 1 °C) colony
room, with free access to water and 20% (w/w) protein com-
mercial chow containing 0.9% Lys (SUPRA, Porto Alegre,
RS, Brazil).

Animals’diet

Animals were kept with the mother until 30 days of life, where
we proceeded to weaning and genotyping to identify WT and
Gcdh−/− mice [14]. At this time, half of each background
started to be fed with normal diet (ND) containing 20% pro-
tein containing 0.9% Lys, whereas the other half received a
chow with 20% protein with 2.8% Lys as previously reported
[14, 18].

Animal Processing and Tissue Preparation

After 3, 30, and 60 days of feeding animals with ND (0.9%
Lys) or 2.8% Lys, WT and Gcdh−/− animals were anesthe-
tized with ketamine/xilazine (90:10 mg/kg) and submitted to
intracardiac perfusion with a volume of phosphate buffered
saline solution (PBS) containing commercial anticoagulants
and then with 4% paraformaldehyde (PFA) in 10 mM,
pH 7.4 PBS. After fixation, brains were quickly removed,
post-fixed with 4% PFA overnight at 4 °C, and then main-
tained at 4 °C in PBS until sectioning. A 1000S Leica
(Buffalo Grove, IL) vibratome was used to obtain 30μm thick
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consecutive coronal series containing the striatal region.
Sections containing the striatum were stored either
free-floating at 4 °C to perform myelin histochemistry or
mounted to do immunostaining against myelin basic protein
(MBP), APC product gene (CC-1 protein), NeuN or GRP78/
BiP protein.

Myelin Histochemistry

Coronal brain sections of WT and Gcdh−/− mice fed with
either ND or 2.8% Lys were permeabilized with 0.3%
X-100 Triton during 20 min, immersed in 70% ethanol for
2 min, and then incubated with 2% Sudan III for 30 min at
room temperature [17]. The reaction was stopped with 70%
ethanol and further with distilled water. Stained sections were
then adhered to glass slides, left drying overnight at room
temperature, and mounted in glycerol.

Brain sections containing the striatum at equivalent levels
from all experimental conditions were placed on clean cover-
slips, delimited with Pap Pen and directly stained with 1:300
dilution of the stock solution of FluoroMyelin Green during
20 min at room temperature. Sections were then rinsed,
mounted in glycerol, and imaged in a confocal FV300
Olympus microscope using a 488-nm laser. Size of striatal
areas positive to Sudan III or FluoroMyelin was measured
by using the Image J or the FIJI (NIH, Bethesda, MD) soft-
ware in WT and Gcdh−/− mice fed with ND or 2.8% Lys
along the whole dieting period. A ratio between myelinated
areas in animals of the same background was obtained by
dividing the values obtained in animals fed with 2.8% Lys
per those obtained in age-matched animals fed with ND.
Around five to seven animals of each background were ana-
lyzed per each diet condition and age.

Immunohistochemistry

For each animal and staining procedure, 5–7 equivalent sec-
tions covering the striatum were employed. Anatomical land-
marks (aspect, size and position of the anterior commissures,
corpus callosum, lateral ventricles, striatum, and nucleus ac-
cumbens; [19]) were used to ensure that parameters were an-
alyzed at similar levels within and between groups.
Commercial antibodies chosen were specific and allowed rec-
ognizing MBP, APC (CC-1) that labels mature oligodendro-
cytes (OLs), and the pan-neuronal marker NeuN, all previous-
ly employed successfully [17, 20]. A polyclonal antibody was
employed to evaluate GRP78/BiP signal as an indicator of ER
stress [21]. DAPI that labels all cells was employed to deter-
mine cellular density in the striatum. All the assays were per-
formed on free-floating sections that were washed, perme-
abilized with 0.1–0.3% Triton X-100 in 10 mM PBS during
20 min, then blocked during 30 min with PBS containing
0.3% Triton X-100 plus 5% bovine serum albumin.

Afterward, at 4 °C overnight incubation with a single antibody
or a pair of antibodies was performed in a wet chamber:
anti-MBP (1:500, abcam), anti-APC product gene (1:300,
abcam), anti-NeuN (1:500, abcam), or anti-GRP78/BiP
(1:500, abcam). Then sections were washed and incubated
for 90 min with 1:800 dilutions of 1 mg/mL secondary anti-
bodies conjugated to Alexa fluorescent probes (Molecular
Probes). After three washes, sections were mounted in glyc-
erol containing 1 μg/mL DAPI. As negative controls, the pri-
mary or secondary antibodies were omitted.

Image Acquisition

Light microscopy images were acquired by using an inverted
IX61 Olympus microscope attached to a DSP71 monochro-
matic camera and its attached software. Immunofluorescence
2048 × 2048 images were obtained in a FV300 Olympus con-
focal microscope provided with 405, 488, 546, and 633 nm
lasers. Microphotographs of representative areas were taken
with all acquisition parameters identical for animals fed with
ND or 2.8% Lys (PMT below to 650 V, 0% gain, 0 Voffset,
negative controls, and maximum pixel size). Once pictures
were obtained, cells positive to DAPI and each specific mark-
er were counted in 5–7 fields of each striatal section. Fifteen to
21 slices from five to seven animals per condition were ana-
lyzed at equivalent striatal levels.

Data Analysis

Statistical analysis was performed with Origin 8.5 or free
downloaded GraphPad Prism software programs. Cell num-
bers or densities as well as myelinated areas comparing two or
many groups were analyzed by using unpaired Student’s t test
or one-way ANOVA followed by Tukey or Tukey–Kramer
post hoc analysis if necessary. All results are presented as
mean ± SD; p ≤ 0.05 was considered significant.

Results

Myelin Alterations in Gcdh−/− Mice Fed with 2.8% Lys Diet
Immediately after weaning, 30-day-old WT and Gcdh−/−
mice started to be fed with ND containing 0.9 or 2.8% Lys
during 3, 30 or 60 days, respectively. Under ND, striatal my-
elin of WT and Gcdh−/− animals did not show significant
differences both in the microscopic morphology or in total
areas up to 60 days old (Fig. 1a). At 90 days old, Gcdh−/−
mice showed ~ 15 and 20% decrease in myelinated areas
related to 30-day-old Gcdh−/− and to 90-day-old WT mice,
respectively (Fig. 1b), suggesting a delayed demyelinating
process.

Diet containing 2.8% Lys did not cause significant signs of
myelin damage along the whole treatment in WTanimals (left
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images Fig. 2a, Fig. 2 b, c). In contrast, Gcdh−/−mice fed with
2.8% Lys displayed a progressive decrease in myelinated
areas by 30 and 55% at 30 and 60 days of treatment, respec-
tively (Fig. 2a, right images, Fig. 2b, c), suggesting that Lys
intake aggravated the loss of myelin in Gcdh−/− mice.

Defective striatal myelinated bundles in Gcdh−/− mice fed
with 2.8% Lys typically displayed pathological vacuolation
assessed by Sudan III, FluoroMyelin, and MBP immunoreac-
tivity (Figs. 2a and Fig. 3). Vacuoles appeared as big Bholes^
inside the striatal axonal packages (Fig. 4a, white arrows)
whose number increased with duration of 2.8% Lys feeding
and widespread progressively throughout many axonal pack-
ages (Fig. 4b, c).

Decreased Density of APC (CC-1) Positive OLs in Gcdh−/−
Mice Fed with 2.8% Lys Diet Although the number of striatal
APC (CC-1) positive OLs was low, Gcdh−/− mice fed with
2.8% Lys evidenced a 35 and 60% decreased density of mature
positive OLs after 30 and 60 days of treatment as compared to
WTanimals fed with the same chow (Fig. 5 a, c). APC (CC-1)
positive OLs in Gcdh−/− mice fed with 2.8% Lys also was 25
and 40% minor than age matched Gcdh−/− mice fed with ND
(Fig. 5a, c). APC (CC-1) OLs appeared swollen (~ 15% in-
creases in body diameters; Fig. 5a, white arrow) which may
suggest increased ER stress [17, 22]. Accordingly, increased
signal of the ER stress marker GRP78/BiP (Fig. 5b, d) was
found in Gcdh−/− mice fed with 2.8% Lys during 60 days.
Quantitative analysis revealed a general increase in GRP78/
BiP signal in several striatal cell types of Gcdh−/− mice fed

with 2.8% Lys during 60 days (Fig. 5d). However, no signifi-
cant decrease in total striatal nuclear density (99 ± 10% in 2.8%
Lys diet compared to ND was found in 90-day-old mice fed
with 2.8%Lys during 60 days), suggesting that Lys intake may
elicit ER stress but did not cause significant cell death.

Absence of Significant Neuronal Death in Gddh−/−
Mice Submitted to 2.8% Lys

Since ER stress may provoke neuronal death [23], we an-
alyzed NeuN staining in the striatum and cortex to assess
the survival of local neurons and of cortical neurons
projecting to the striatum. No significant differences in
the density of NeuN signal was found in any experimental
conditions discarding that even the Gcdh−/− mice fed with
2.8% Lys during 60 days suffer significant neuronal death
(Figs. 5e, Supplementary 1). Moreover, no evident changes
were observed in NeuN labeling neither in the striatum nor
in frontal cortex (Figure Supplementary 1), thus discarding
significant neuronal death.

Discussion

In the present study, we found that a long lasting and sustained
increased Lys content in a daily diet triggers a significant
white matter injury in the striatum of Gcdh−/− mice without
affecting neuronal survival or inducing systemic or

Fig. 1 Striatal myelinated areas in
WTand Gcdh−/−mice along age.
a Sudan III histochemistry
showing no significant
differences in the general
appearance of striatal myelin in
30-day-old animals immediately
after weaning. Insets show the
general appearance of the whole
striatum in WT and Gcdh−/−
mice. Calibration bar = 100 μm. b
Quantitation of total striatal
myelinated areas after feeding
WT and Gcdh−/− mice with ND,
indicating a significant decrease
in 90-day-old Gcdh−/− animals.
As expected, with age, WT mice
showed a tendency to increase
myelinated areas. Data are the
media ± SD of results obtained in
three independent experiments
with 3–5 animals per condition.
(*) means statistical significant
difference at p < 0.05
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neurological alterations. The abnormalities observed in Gcdh
−/− animals fed with high Lys exceeded in much those shown
in age-matched Gcdh−/−mice fed with a normal diet. As high
Lys diet contains approximately threefold levels of Lys with
the same amount of protein, the injuring myelin effects found
in Gcdh−/− mice can be directly attributed to Lys or more

likely, to the accumulation of the Lys- by-products, glutaric
acid, or/and 3-hydroxyglutaric acid.

In our experimental model, 2.8% Lys intake was sufficient
to accelerate myelin damage in Gcdh−/−micewithout causing
significant cell death. Lys levels in dietary chow were lower
than those used by Zinnanti et al. [6], which caused a three-

Fig. 2 Sudan III signal in the
striatum of WT and Gcdh−/−
mice upon 2.8% Lys treatment. a
Light microscopy images of
Sudan III histochemistry of
transverse brain sections
evidencing that at 30 and 60 days
of Lys diet, myelin in Gcdh−/−
mice show significant vacuolation
(white arrows). Insets show
representative pictures of the
whole striatum of each
experimental condition
evidencing that the typical striatal
architecture was preserved in
spite of myelin vacuolation in
Gcdh−/− mice upon Lys diet.
Magnification is × 40 for the full
pictures and × 4 for insets,
respectively. Calibration bars =
100 μm. b Total area of striatal
myelin in WT (white columns)
and Gcdh−/− mice (black
columns) fed with 2.8% Lys
chow. Note that Lys diet
accelerated loss of myelinated
areas in Gcdh−/−mice. c Ratio of
myelin loss in WT and Gcdh−/−
mice due to dietary Lys. Data are
the media ± SD of results
obtained in three independent
experiments with 3–5 animals per
condition. (*) means statistical
difference between Gcdh−/− and
WT animals of the same age fed
with 2.8% Lys and (#) between
Gcdh−/− mice fed with 2.8% Lys
and those fed with normal chow
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and twofold increase in brain Lys- and glutaric acid concen-
trations, respectively, 48 h after diet start and intermediate
between the 1.7 and 4.7% used by Sauer et al. [13]. The age
of animals at the start of 2.8% Lys diet (30 days old) was
chosen due to previous reports showing severe toxic effects
of Lys overload during early post-natal development to Gcdh
−/− mice [14, 24, 25] together with the time-course of striatal
myelination in rodents [26]. Duration of the treatment covered
the experimental periods reported on acute high Lys intake [6,
12], medium-term treatment (2 weeks, [13]), and chronic Lys
feeding (45 days, [27]), thus likely reproducing pathological
conditions observed in adult onset GA-I.

The most important signs of striatal myelin injury in
Gcdh−/− mice fed with 2.8% Lys include decreased mye-
linated areas associated with abnormal vacuolation of ax-
onal bundles, resembling the white changes with myelin
splitting observed in the neuropathological findings of
GA-1 patients [28, 29]. In this sense, vacuolation is highly
suggestive of direct damage to myelin sheath as previously
shown in some genetic diseases such as Canavan’s disease,
which is also related to metabolic insult [30]. While myelin
histopathological alterations have been previously reported
in older Gcdh−/− mice fed with normal diet [10, 11], the
long-lasting Lys intake seems to accelerate myelin damage.

Fig. 3 Alterations in striatal
myelin of Gcdh−/− but not in WT
mice upon sustained 2.8% Lys
diet. a FluoroMyelin Green
histochemistry evidencing the
presence of abundant vacuoles
that appear as black holes into the
myelinated striatal bundles (white
arrows) upon feeding Gcdh−/−
animals with 2.8% Lys. Inset
shows FluoroMyelin signal in
animals of the same age submitted
to ND. Under this treatment, only
90-day-old Gcdh−/− mice
showed spare vacuolation (white
arrow into the inset). b MBP
immunoreactivity in 90-day-old
WT and Gcdh−/− mice fed with
2.8% Lys. Note that MBP signal
appears disrupted in areas of
vacuolated myelin in Gcdh−/−
mice and looked normal in WT
animals. Calibration bar = 50 μm
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Interestingly, Harting et al. [31] correlated long-lasting el-
evation of GA and 3-OHGA to intramyelinic edema lead-
ing to myelin splitting in late onset GA-1 patients. These

authors proposed that sustained levels of GA-1 metabolites
promote a reduced flux through the citric acid cycle [32],
decreasing the uptake of anaplerotic substrates [33], and
finally leading to low ATP generation that impedes normal
Na+/K + -ATPase functioning. Decrease of this activity de-
regulate the K+ siphoning system with consequent accu-
mulation of paranodal K+ leading to myelin edema.

High Lys diet also caused a significant decrease in MBP
immunoreactivity from striatal axonal bundles in 90-day old
Gchd−/− mice, further confirming myelin vulnerability to
sustained accumulation of GA-I metabolites produced by con-
tinuous feeding with 2.8% Lys diet. MBPs are integral myelin
components that contribute to myelin stability and integrity
[34, 35], playing a role in OL differentiation [36], cytoskele-
ton assembly, mediation of signaling pathways, and signal
transduction in OLs and myelin [34]. They also contribute to
the maintenance of calcium and cell homeostasis [35], thus
being a sensitive marker of OL function and myelination
status.

A minor density of APC (CC-1)-positive mature OLs was
also relevant in Gcdh−/− mice fed with 2.8% Lys, suggesting
that OLs are vulnerable to GA-I metabolites formed from
defective Lys metabolism in Gcdh−/− mice. Such a loss of
APC (CC-1) positive OLs could account, at least partially,
for the decreased myelinated areas, since APC (CC-1) is a
protein that regulates the adhesive properties of OLs [37]
and myelin formation. APC also seems to participate in the
demyelination process [38] and altered communication be-
tween axons.Moreover, the fewOLs that preserve the positive
signal to APC (CC-1) displayed significant body swelling and
expressed increased levels of GRP78/BiP, suggesting that OLs
were undergoing cytopathology and ER stress as described
previously [17, 30]. Of note, GRP78/BiP protein is a marker
of ER stress, mediating the unfolded protein response (UPR)
induced by unfolded/misfolded proteins while dissociating
fromER stress sensors [22, 39]. Becausemyelination involves
a high demand on the protein synthesis machinery [26], it may
elicit a deleterious UPR response further increasing OL vul-
nerability and myelin defects. In this regard, ER stress is also
involved in other myelopathies related to perturbation of the
OL protein secretory pathway such as VanishingWhiteMatter
disease, Pelizaeus-Merzbacher disease, and multiple sclerosis
[22, 30, 40]. Therefore, we propose ER stress as an underlying
mechanism of myelin defects found in Gcdh−/− animals fed
with 2.8% Lys.

In spite of myelin and OL damage, high-Lys diet caused no
apparent change in striatal and cortical neuronal density in
Gcdh−/− mice as denoted by the pan-neuronal marker
NeuN. However, some degree of ER stress in striatal neurons
surrounding the axonal bundles that did not compromise neu-
ronal survival at the experimental times employed was evi-
denced by increased GRP78/BiP signals. Absence of signifi-
cant neuronal death is in accordance with previous reports

Fig. 4 Assessment of vacuolation in striatal myelin of animals fed with
ND or 2.8% Lys diet. a A representative image of many vacuoles (white
arrows) found in the striatal myelinated axonal bundles of 60-day-old
Gcdh−/− mice fed with 2.8% Lys during 30 days. Note that at light
microscopy, vacuoles appear as pale holes that are bigger than cells that
are negatively stained with Sudan III (black arrows). Calibration bar =
50 μm. b Number of vacuoles inWTand Gcdh−/−mice submitted to ND
or 2.8% Lys diet showing a dramatic increase in Gcdh−/− mice when
compared to age-matched WT animals fed with the same chow (*) or to
Gcdh−/− mice fed with ND (or to Gcdh−/− mice fed with ND (#). c
Percentage of vacuolated axonal bundles related to total bundles in WT
and Gcdh−/− mice along the whole period of dieting with ND or 2.8%
Lys. Black arrow indicates the beginning of the diet. Note the significant
increase upon 30 and 60 days of feeding Gcdh−/− mice with 2.8% Lys.
Data are the media ± SD of results from three independent experiments
with 3–5 animals per condition. (*) means statistical difference between
Gcdh−/− andWTanimals of the same age fed with 2.8% Lys whereas (#)
indicates the statistical difference between Gcdh−/− mice fed with 2.8%
Lys and those fed with ND
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showing low neuronal vulnerability in Gcdh−/−mice [10, 11].
Although doses are not similar, it also agrees with the results
showed by Sauer et al. [13] in which variable Lys doses did
not affect neuronal population in Gcdh−/− animals. Therefore,
the present data show evidence that long-term high Lys intake
in Gcdh−/− animals results in a damage restricted to OLs and
white matter with a preserved neuronal survival. These path-
ologic features are comparable to those described in GA-1

late-onset patients in which white matter is selectively affected
but neurological symptoms are negligible [41, 42].

Finally, the underlying mechanisms of selective OL injury
over neurons have not yet been elucidated in humans and in
Gcdh−/− mice. It can be produced due to the higher accumu-
lation of GA-1 metabolites in white mater areas of late onset
GA-1 patients [31] that may cause a selective damage through
one or more of the pathological mechanisms already proposed

Fig. 5 Effects of Lys diet in
striatal OLs and neurons from
WT and Gcdh−/− mice. a
Decreased population of APC
(CC-1) positive cells in Gcdh−/−
vs WT mice both fed with 2.8%
Lys (white column) or toGcdh−/−
mice fed with ND. b Striatal
GRP78/BiP signal showing more
positive cells in Gcdh−/− mice
fed with 2.8% Lys. Calibration
bars = 30 (a) and 50 (b) μm,
respectively. c Decreased density
of CC-1 positive OLs upon 30
and 60 days of feeding Gch−/−
mice with 2.8% Lys. d Increases
in GRP78/BiP density of positive
cells determined when comparing
90-day old Gcdh−/− mice fed
with 2.8% Lys (white columns) or
with different diets (black
columns). e Density of striatal
neurons positive to NeuN
discarding significant death at the
end of feeding Gcdh−/− mice
with 2.8%Lys. Data are themedia
± SD of results from three
independent experiments with 3–
5 animals per condition. * and #
mean significant difference at
p < 0.05 between Gcdh−/− and
WT animals of the same age fed
with 2.8% Lys and between Gcdh
−/− mice fed with 2.8% Lys vs
those fed with ND, respectively
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in GA-1 [1, 2, 14, 27]. In fact, the combination of a complex
differentiation program, very high metabolism, high intra-
cellular iron, low glutathione concentrations together with
functional NMDA and P2X7 ATP receptors, makes OLs
particularly vulnerable to multiple pathomechanisms like
ER stress, oxidative damage, excitotoxic injury, or mito-
chondrial dysfunction [22, 26, 30, 43]. Moreover, oxida-
tive damage can be amplified not only by the iron Fenton
reaction but also by the sphingomyelinase/ceramide path-
way that is very important because ceramide is a major
lipid component of myelin [43].

In summary, although we cannot at this point clearly deter-
mine the major mechanism (s) leading to the alterations ob-
served in this work, we propose that our present model of
moderately high Lys intake may be important to delineate
the mechanisms underlying the selective damage of glial cells
over neurons in Gcdh−/−mice and the progressive white mat-
ter defects in GA-I.

Acknowledgments Grants fromConselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq) - 470236/2012-4, Programa de Apoio a
Núcleos de Excelência (PRONEX), Fundação de Amparo à Pesquisa do
Estado do Rio Grande do Sul (FAPERGS) - 10/0031-1, Pró-Reitoria de
Pesquisa/Universidade Federal do Rio Grande do Sul (PROPESQ/
UFRGS) - PIBIT 18489, Financiadora de estudos e projetos (FINEP),
Rede Instituto Brasileiro de Neurociência (IBN-Net) # 01.06.0842-00
and Instituto Nacional de Ciência e Tecnologia em Excitotoxicidade e
Neuroproteção (INCT-EN) - 573677/2008-5.

The part of this work done in Uruguay was funded by IIBCE,
PEDECIBA Biología. Eugenia Isasi was a fellow of the Uruguayan
Agency for Innovation and Research (ANII).

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Funk CB, Prasad AN, Frosk P, Sauer S, Kolker S, Greenberg CR,
Del Bigio MR (2005) Neuropathological, biochemical and molec-
ular findings in a glutaric acidemia type 1 cohort. Brain 128:711–
722. https://doi.org/10.1093/brain/awh401

2. Goodman S, Frerman F (2001) In: Scriver CR, Beaudet AL, Sly
WS, Valle D (eds) The metabolic and molecular basis of disease,
8th edn. McGraw-Hill Medical, New York, pp. 2195–2204

3. Kölker S, Ahlemeyer B, Krieglstein J, Hoffmann GF (2000)
Evaluation of trigger factors of acute encephalopathy in glutaric
aciduria type I: Fever and tumour necrosis factor-alpha. J Inherit
Metab Dis 23(4):359–362. https://doi.org/10.1023/A:
1005683314525

4. Strauss KA, Morton DH (2003) Type I glutaric aciduria, part 2: A
model of acute striatal necrosis. Am J Med Genet C Semin Med
Genet 121C:53–70. https://doi.org/10.1002/ajmg.c.20008

5. Hoffmann GF, Athanassopoulos S, Burlina AB, DuranM, de Klerk
JB, Lehnert W, Leonard JV, Monavari AA et al (1996) Clinical
course, early diagnosis, treatment, and prevention of disease in

glutaryl-CoA dehydrogenase deficiency. Neuropediatrics 27:115–
123. https://doi.org/10.1055/s-2007-973761

6. Zinnanti WJ, Lazovic J, Housman C, LaNoue K, O'Callaghan JP,
Simpson I, Woontner M, Goodman SI et al (2007) Mechanism of
age-dependent susceptibility and novel treatment strategy in
glutaric acidemia type I. J Clin Invest 117(11):3258–3270. https://
doi.org/10.1172/JCI31617

7. Gerstner B, Gratopp A, Marcinkowski M, Sifringer M, Obladen M,
Bührer C (2005) Glutaric acid and its metabolites cause apoptosis in
immature oligodendrocytes: A novel mechanism of white matter de-
generation in glutaryl-CoA dehydrogenase deficiency. Pediatr Res
57:771–776. https://doi.org/10.1203/01.PDR.0000157727.21503.8D

8. Harting I, Neumaier-Probst E, Seitz A, Maier EM, Assmann B,
Baric I, Troncoso M, Mühlhausen C et al (2009) Dynamic changes
of striatal and extrastriatal abnormalities in glutaric aciduria type I.
Brain 132:1764–1782. https://doi.org/10.1093/brain/awp112

9. Kulkens S, Harting I, Sauer S, Zschocke J, Hoffmann GF, Gruber S,
Bodamer OA, Kölker S (2005) Late-onset neurologic disease in
glutaryl-CoA dehydrogenase deficiency. Neurology 64:2142–
2144. https://doi.org/10.1212/01.WNL.0000167428.12417.B2

10. Koeller DM, Woontner M, Crnic LS, Kleinschmidt-DeMasters B,
Stephens J, Hunt EL, Goodman SI (2002) Biochemical, pathologic
and behavioral analysis of a mouse model of glutaric acidemia type
I. Hum Mol Genet 11:347–357. https://doi.org/10.1016/j.bbadis.
2014.12.022

11. Koeller DM, Sauer S, Wajner M, de Mello CF, Goodman SI,
Woontner M, Mühlhausen C, Okun JG et al (2004) Animal models
for glutaryl-CoA dehydrogenase deficiency. J Inherit Metab Dis 27:
813–818. https://doi.org/10.1023/B:BOLI.0000045763.52907.5e

12. Zinnanti WJ, Lazovic J, Wolpert EB, Antonetti DA, Smith MB,
Connor JR, Woontner M, Goodman SI et al (2006) A diet-
induced mouse model for glutaric aciduria type I. Brain 129(4):
899–910. https://doi.org/10.1093/brain/awl009

13. Sauer SW, Opp S, Komatsuzaki S, Blank AE, Mittelbronn M,
Burgard P, Koeller DM, Okun JG et al (2015) Multifactorial mod-
ulation of susceptibility to l-lysine in an animal model of glutaric
aciduria type I. Biochim Biophys Acta 1852(5):768–777. https://
doi.org/10.1016/j.bbadis.2014.12.022

14. Seminotti B, Amaral AU, da Rosa MS, Fernandes CG, Leipnitz G,
Olivera-Bravo S, Barbeito L, Ribeiro CA et al (2013) Disruption of
brain redox homeostasis in glutaryl-CoA dehydrogenase deficient
mice treated with high dietary lysine supplementation. Mol Genet
Metab 108(1):30–39. https://doi.org/10.1016/j.ymgme.2012.11.001

15. Goodman SI, Kohlhoff JG (1975) Glutaric aciduria: Inherited defi-
ciency of glutaryl-CoA dehydrogenase activity. Biochem Med
13(2):138–140. https://doi.org/10.1016/0006-2944(75)90149-0

16. Strauss KA, Lazovic J, Wintermark M, Morton DH (2007)
Multimodal imaging of striatal degeneration in Amish patients with
glutaryl-CoA dehydrogenase deficiency. Brain 130:1905–1920.
https://doi.org/10.1093/brain/awm058

17. Olivera-Bravo S, Isasi E, Fernandez A, Rosillo JC, Jimenez M,
Casanova G, Sarlabos MN, Barbeito L (2014) White matter injury
induced by perinatal exposure to glutaric acid. Neurotox Res 25:
381–391. https://doi.org/10.1007/s12640-013-9445-9

18. Amaral AU, Seminotti B, Cecatto C, Fernandes CG, Busanello EN,
Zanatta A, Kist LW, Bogo MR et al (2012) Reduction of Na+, K+-
ATPase activity and expression in cerebral cortex of glutaryl-CoA
dehydrogenase deficient mice: A possible mechanism for brain in-
jury in glutaric aciduria type I. Mol Gene Metab 107:375–382.
https://doi.org/10.1016/j.ymgme.2012.08.016

19. Paxinos G, Watson C (2007) The rat brain in stereotaxic coordi-
nates. Academic Press, Sydney

20. Olivera-Bravo S, Isasi E, Fernández A, Casanova G, Rosillo JC,
Barbeito L (2016) Astrocyte dysfunction in developmental
neurometabolic diseases. Adv Exp Med Biol 949:227–243.
https://doi.org/10.1007/978-3-319-40764-7_11

656 Mol Neurobiol (2019) 56:648–657

https://doi.org/10.1093/brain/awh401
https://doi.org/10.1023/A:1005683314525
https://doi.org/10.1023/A:1005683314525
https://doi.org/10.1002/ajmg.c.20008
https://doi.org/10.1055/s-2007-973761
https://doi.org/10.1172/JCI31617
https://doi.org/10.1172/JCI31617
https://doi.org/10.1203/01.PDR.0000157727.21503.8D
https://doi.org/10.1093/brain/awp112
https://doi.org/10.1212/01.WNL.0000167428.12417.B2
https://doi.org/10.1016/j.bbadis.2014.12.022
https://doi.org/10.1016/j.bbadis.2014.12.022
https://doi.org/10.1023/B:BOLI.0000045763.52907.5e
https://doi.org/10.1093/brain/awl009
https://doi.org/10.1016/j.bbadis.2014.12.022
https://doi.org/10.1016/j.bbadis.2014.12.022
https://doi.org/10.1016/j.ymgme.2012.11.001
https://doi.org/10.1016/0006-2944(75)90149-0
https://doi.org/10.1093/brain/awm058
https://doi.org/10.1007/s12640-013-9445-9
https://doi.org/10.1016/j.ymgme.2012.08.016
https://doi.org/10.1007/978-3-319-40764-7_11


21. Jiménez-Riani M, Díaz-Amarilla P, Isasi E, Casanova G, Barbeito
L, Olivera-Bravo S (2017) Ultrastructural features of aberrant glial
cells isolated from the spinal cord of paralytic rats expressing the
amyotrophic lateral sclerosis-linked SOD1G93A mutation. Cell
Tissue Res 370(3):391–401. https://doi.org/10.1007/s00441-017-
2681-1

22. Inoue K (2017) Cellular pathology of Pelizaeus-Merzbacher dis-
ease involving chaperones associated with endoplasmic reticulum
stress. Front Mol Biosci 4:7. https://doi.org/10.3389/fmolb.2017.
00007

23. Freeman OJ, Mallucci GR (2016) The UPR and synaptic dysfunc-
tion in neurodegeneration. Brain Res 1648:530–537. https://doi.
org/10.1016/j.brainres.2016.03.029

24. Amaral AU, Cecatto C, Seminotti B, Ribeiro CA, Lagranha VL,
Pereira CC, de Oliveira FH, de Souza DG et al (2015) Experimental
evidence that bioenergetics disruption is not mainly involved in the
brain injury of glutaryl-CoA dehydrogenase deficient mice submit-
ted to lysine overload. Brain Res 16(1620):116–129. https://doi.org/
10.1016/j.brainres.2015.05.013

25. Seminotti B, Ribeiro RT, Amaral AU, da Rosa MS, Pereira CC,
Leipnitz G, Koeller DM, Goodman S et al (2014) Acute lysine
overload provokes protein oxidative damage and reduction of anti-
oxidant defenses in the brain of infant glutaryl-CoA dehydrogenase
deficient mice: A role for oxidative stress in GA I neuropathology. J
Neurol Sci 344(1–2):105–113. https://doi.org/10.1016/j.jns.2014.
06.034

26. Baumann N, Pham-Dinh D (2001) Biology of oligodendrocyte and
myelin in the mammalian central nervous system. Physiol Rev
81(2):871–927. https://doi.org/10.1152/physrev.2001.81.2.871RV

27. RodriguesMD, Seminotti B, Amaral AU, Leipnitz G, Goodman SI,
WoontnerM, Gomes de Souza DO,Wajner M (2015) Experimental
evidence that overexpression of NR2B glutamate receptor subunit
is associated with brain vacuolation in adult glutaryl-CoA dehydro-
genase deficient mice: A potential role for glutamatergic-induced
excitotoxicity in GA I neuropathology. J Neurol Sci 359:133–140.
https://doi.org/10.1016/j.jns.2015.10.043

28. Bergman I, Finegold D, Gartner JC Jr, Zitelli BJ, Claassen D,
Scarano J, Roe CR, Stanley C et al (1989) Acute profound dystonia
in infants with glutaric acidemia. Pediatrics 83:228–234

29. Soffer D, Amir N, Elpeleg O, Gomori J, Shalev R, Gottschalk-
Sabag S (1992) Striatal degeneration and spongy myelinopathy in
glutaric acidemia. J Neurol Sci 107:199–204. https://doi.org/10.
1016/0022-510X(92)90289-W

30. Duncan DI, Radcliff AB (2016) Inherited and acquired disorders of
myelin: The underling myelin pathology. Exp Neurol 283(Pt B):
452–475. https://doi.org/10.1016/j.expneurol.2016.04.002

31. Harting I, Boy N, Heringer J, Seitz A, Bendszus M, Pouwels PJW,
Kölker S (2015) 1H-MRS in glutaric aciduria type 1: Impact of
biochemical phenotype and age on the cerebral accumulation of
neurotoxic metabolites. J Inherit Metab Dis 38(5):829–838.
https://doi.org/10.1007/s10545-015-9826-8

32. Sauer SW, Okun JG, Schwab MA, Crnic LR, Hoffmann GF,
Goodman SI, Koeller DM, Kölker S (2005) Bioenergetics in
glutaryl-coenzyme a dehydrogenase deficiency: A role for
glutaryl-coenzyme a. J Biol Chem 280:21830–21836. https://doi.
org/10.1074/jbc.M502845200

33. Lamp J, Keyser B, Koeller DM, Ullrich K, Braulke T, Mühlhausen
C (2011) Glutaric aciduria type 1 metabolites impair the succinate
transport from astrocytic to neuronal cells. J Biol Chem 286:17777–
17784. https://doi.org/10.1074/jbc.M111.232744

34. Boggs JM, Rangaraj G, Heng YM, Liu Y, Harauz G (2011) Myelin
basic protein binds microtubules to a membrane surface and to actin
filaments in vitro: Effect of phosphorylation and deimination.
Biochim Biophys Acta 808(3):761–773. https://doi.org/10.1016/j.
bbamem.2010.12.016

35. Harauz G, Boggs JM (2013) Myelin management by the 18.5 and
21.5 kDa classic myelin basic protein isoforms. J Neurochem
125(3):334–361. https://doi.org/10.1111/jnc.12195

36. Baron W, de Jonge JC, de Vries H, Hoekstra D (2000) Perturbation
of myelination by activation of distinct signaling pathways: An
in vitro study in a myelinating culture derived from fetal rat brain.
J Neurosci Res 59(1):74–85. https://doi.org/10.1002/(SICI)1097-
4547(20000101)59:1<74::AID-JNR9>3.0.CO;2-P

37. Bhat RV, Axt KJ, Fosnaugh JS, Smith KJ, Johnson KA, Hill DE,
Kinzler KW, Baraban JM (1996) Expression of the APC tumor
suppressor protein in oligodendroglia. Glia 17(2):169–174. https://
doi.org/10.1002/(SICI)1098-1136(199606)17:2<169::AID-
GLIA8>3.0

38. Min Y, Kristiansen K, Boggs JM, Husted C, Zasadzinski JA,
Israelachvili J (2009) Interaction forces and adhesion of supported
myelin lipid bilayers modulated by myelin basic protein. Proc Natl
Acad Sci U S A 106(9):3154–3159. https://doi.org/10.1073/pnas.
0813110106

39. Kondo S,Murakami T, Tatsumi K, Ogata M, Kanemoto S, Otori K,
Iseki K, Wanaka A et al (2005) OASIS, a CREB/ATF-family mem-
ber, modulates UPR signalling in astrocytes. Nat Cell Biol 7:186–
194. https://doi.org/10.1038/ncb1213

40. MechaM, Torrao AS,Mestre L, Carrillo-Salinas FJ,MechoulamR,
Guaza C (2012) Cannabidiol protects oligodendrocyte progenitor
cells from inflammation-induced apoptosis by attenuating endo-
plasmic reticulum stress. Cell Death Dis 3:e331. https://doi.org/
10.1038/cddis.2012.71

41. Bahr O, Mader I, Zschocke J, Dichgans J, Schulz JB (2002) Adult
o n s e t g l u t a r i c a c i d u r i a t y p e I p r e s e n t i n g w i t h a
leukoencephalopathy. Neurology 59(11):1802–1804. https://doi.
org/10.1212/01.WNL.0000036616.11962.3C

42. Kölker S, Mayatepek E, Hoffmann GF (2002)White matter disease
in cerebral organic acid disorders: Clinical implications and sug-
gested pathomechanisms. Neuropediatrics 33(5):225–231. https://
doi.org/10.1055/s-2002-36741

43. Bradl M, Lassmann H (2010) Oligodendrocytes: Biology and pa-
thology. Acta Neuropathol 119:37–53. https://doi.org/10.1007/
s00401-009-0601-5

657Mol Neurobiol (2019) 56:648–657

https://doi.org/10.1007/s00441-017-2681-1
https://doi.org/10.1007/s00441-017-2681-1
https://doi.org/10.3389/fmolb.2017.00007
https://doi.org/10.3389/fmolb.2017.00007
https://doi.org/10.1016/j.brainres.2016.03.029
https://doi.org/10.1016/j.brainres.2016.03.029
https://doi.org/10.1016/j.brainres.2015.05.013
https://doi.org/10.1016/j.brainres.2015.05.013
https://doi.org/10.1016/j.jns.2014.06.034
https://doi.org/10.1016/j.jns.2014.06.034
https://doi.org/10.1152/physrev.2001.81.2.871RV
https://doi.org/10.1016/j.jns.2015.10.043
https://doi.org/10.1016/0022-510X(92)90289-W
https://doi.org/10.1016/0022-510X(92)90289-W
https://doi.org/10.1016/j.expneurol.2016.04.002
https://doi.org/10.1007/s10545-015-9826-8
https://doi.org/10.1074/jbc.M502845200
https://doi.org/10.1074/jbc.M502845200
https://doi.org/10.1074/jbc.M111.232744
https://doi.org/10.1016/j.bbamem.2010.12.016
https://doi.org/10.1016/j.bbamem.2010.12.016
https://doi.org/10.1111/jnc.12195
https://doi.org/10.1002/(SICI)1097-4547(20000101)59:1<74::AID-JNR9>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-4547(20000101)59:1<74::AID-JNR9>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1098-1136(199606)17:2<169::AID-GLIA8>3.0
https://doi.org/10.1002/(SICI)1098-1136(199606)17:2<169::AID-GLIA8>3.0
https://doi.org/10.1002/(SICI)1098-1136(199606)17:2<169::AID-GLIA8>3.0
https://doi.org/10.1073/pnas.0813110106
https://doi.org/10.1073/pnas.0813110106
https://doi.org/10.1038/ncb1213
https://doi.org/10.1038/cddis.2012.71
https://doi.org/10.1038/cddis.2012.71
https://doi.org/10.1212/01.WNL.0000036616.11962.3C
https://doi.org/10.1212/01.WNL.0000036616.11962.3C
https://doi.org/10.1055/s-2002-36741
https://doi.org/10.1055/s-2002-36741
https://doi.org/10.1007/s00401-009-0601-5
https://doi.org/10.1007/s00401-009-0601-5

	Long Lasting High Lysine Diet Aggravates White Matter Injury in Glutaryl-CoA Dehydrogenase Deficient (Gcdh−/−) Mice
	Abstract
	Introduction
	Materials and Methods
	Materials
	Ethical Statement
	Animals
	Animals’diet
	Animal Processing and Tissue Preparation
	Myelin Histochemistry
	Immunohistochemistry
	Image Acquisition
	Data Analysis

	Results
	Absence of Significant Neuronal Death in Gddh−/− Mice Submitted to 2.8% Lys

	Discussion
	References


