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Glutaric aciduria type I (GA-I, OMIM # 231670) is an inborn error of metabolism caused by a deficiency of
glutaryl-CoA dehydrogenase (GCDH). Patients develop acute encephalopathic crises (AEC) with striatal injury
most often triggered by catabolic stress. The pathophysiology of GA-I, particularly in brain, is still not fully
understood.
We generated the first knock-in rat model for GA-I by introduction of the mutation p.R411W, the rat sequence
homologue of the most common Caucasian mutation p.R402W, into the Gcdh gene of Sprague Dawley rats by
CRISPR/Cas9 technology. Homozygous Gcdhki/ki rats revealed a high excretor phenotype, but did not present
any signs of AECundernormal diet (ND). Exposure to a high lysine diet (HLD, 4.7%) afterweaning resulted in clin-
ical and biochemical signs of AEC.
A significant increase of plasmatic ammonium concentrations was found in Gcdhki/ki rats under HLD, accompa-
nied by a decrease of urea concentrations and a concomitant increase of arginine excretion. This might indicate
an inhibition of the urea cycle. Gcdhki/ki rats exposed to HLD showed highly diminished food intake resulting in
severely decreased weight gain and moderate reduction of body mass index (BMI). This constellation suggests
a loss of appetite. Under HLD, pipecolic acid increased significantly in cerebral and extra-cerebral liquids and tis-
sues of Gcdhki/ki rats, but not inWT rats. It seems that Gcdhki/ki rats under HLD activate the pipecolate pathway for
lysine degradation. Gcdhki/ki rat brains revealed depletion of free carnitine, microglial activation, astroglyosis, as-
trocytic death by apoptosis, increased vacuole numbers, impaired OXPHOS activities and neuronal damage.
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Under HLD, Gcdhki/ki rats showed imbalance of intra- and extracellular creatine concentrations and indirect signs
of an intracerebral ammonium accumulation.
We successfully created the first rat model for GA-I. Characterization of this Gcdhki/ki strain confirmed that it is a
suitable model not only for the study of pathophysiological processes, but also for the development of new ther-
apeutic interventions. We further brought up interesting new insights into the pathophysiology of GA-I in brain
and periphery.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Glutaryl-CoA dehydrogenase (EC 1.3.8.6; GCDH) is a nuclear-
encoded homotetrameric mitochondrial flavoprotein belonging to the
acyl-CoA dehydrogenase family. It is involved in the catabolic pathway
of tryptophan, lysine and hydroxylysine and catalyzes the dehydroge-
nation and decarboxylation of glutaryl-CoA to crotonyl-CoA and carbon
dioxide. Glutaric aciduria type I (GA-I), due to GCDH deficiency, is char-
acterized by the accumulation of glutaryl-CoA and its dicarboxylic de-
rivatives, namely glutaric acid (GA), 3-hydroxyglutaric acid (3OHGA),
glutaconic acid, and glutarylcarnitine (C5DC) in body fluids and tissues
[1–3]. So far, two pathways of lysine degradation have been described:
saccharopine (ε-deamination of lysine) and pipecolic acid (α-deamina-
tion of lysine) pathways, both converging in mitochondria into a com-
mon pathway at 2-aminoadipic acid (2AAA). Based on radiolabeling
studies performed in rat and mouse it was a long time believed that ly-
sine degradation is different in adult mammalian brain and extra-
cerebral tissues [4–6]. The saccharopine pathway was thought to be
the predominant lysine degradation pathway in extra-cerebral tissues,
while the pipecolic acid pathway appeared to be predominant in the
adult brain [6]. However, recent studies revealed that the saccharopine
pathway is also predominant in human brain cells and that both path-
ways seem to be active in mouse brain [7–11].

The estimated prevalence of GA-I is about 1:100′000 worldwide [3].
Patients with GA-I develop macrocephaly with frontotemporal cortical
atrophy. GA-I was until very recently thought to manifest exclusively
with neurologic symptoms and therefore is classified as a cerebral or-
ganic aciduria [12]. Alterations of brain development are known to
start already before birth [13–15]. Development of often transient
truncal hypotonia and delayedmotor development have been observed
in about 50% of GA-I patients during the first year of life [16]. Develop-
ment of macrocephaly, frontotemporal hypoplasia, signs of early vascu-
lar dysfunction in the form of subdural effusions, intradural and retinal
hemorrhages as well as delayed myelination can already be present in
the pre-symptomatic period [17]. If untreated, most patients present
an acute encephalopathic crisis (AEC) that typically occurs between
the 3rd and the 36thmonth of life following a catabolic state due to gas-
troenteritis or febrile disease. This disease presentation is called acute
onset. During this crisis, extensive neuronal damage occurs, typically
in caudate and putamen nuclei, resulting in an irreversible, complex,
predominantly and dystonic movement disorder [3]. This sequence
resembles the observations of patients suffering from ischemic stroke.
Acute restricted diffusion is a typical sign of cytotoxic edema. The
risk for an AEC significantly diminishes beyond the age of 2 years. It
seems that the vulnerability of the striatum decreases with age. Even
without AEC, patients can show subtle but significant fine motor and
speech deficits that witness chronic neurological damage [18] or even
develop a movement disorder. This presentation is called insidious
onset. In these patients, MRI studies revealed more circumscribed T2-
hyperintensities of the dorsolateral putamen without development of
atrophy in follow-up studies. Insidious onset patients showed a latency
phase between the detection of striatal lesions onMRIs and the onset of
clinical dystonia. It seems that striatal injury first affects the dorsolateral
putamen and that the severity of the resulting dystonia is dependent on
the extension of the striatal lesion [19]. Deviations from the normal
treatment, in particular an appropriate and immediate emergency
2

management, have been identified to be themajor risk factor for the de-
velopment of an insidious onset form even after diagnosis by newborn
screening [3,16]. Interestingly, patients with late diagnosis of GA-I
(called late-onset) all show a high excretor phenotype [20]. In contrast
to the observations on the striatal region in GA-I patients there is grow-
ing evidence that extra-striatal changes, particularly in the white mat-
ter, are progressive with age and develop despite early diagnosis
through newborn screening and presymptomatic treatment [21].

Different animal models of GA-I have been created to contribute to
understand the pathomechanisms responsible for neurodegeneration.
AGcdh−/−mousewas developed byKoeller et al. via homologous inser-
tion of a gene-targeting vector, which resulted in deletion of the first
seven exons of the Gcdh gene [22]. This model presents high levels of
GA and 3-OHGA as in the majority of patients. Under high lysine or
high protein overload, this GA-I mouse model presents disruption of
redox and bioenergetics homeostasis, neuroinflammation, disturbance
of glutamatergic and GABAergic neurotransmission, vascular abnormal-
ities, myelopathy, as well as striatum and cortex damage [1,23–26].

More than 150 mutations in the GCDH gene have been described in
GA-I patients [27]. The most common mutation in the Caucasian popu-
lation is p.R402W [28,29]. This mutation is associated with a residual
enzymatic activity of 0–5% in patient fibroblasts, and characterized
with a high excretion of GA and 3-OHGA in urine [30]. As rat models
are more and more recognized as superior to mice for the study
human brain pathologies [31], we decided to introduce the mutation
p.R411W, the rat homologue of the human p.R402W mutation, into
Sprague-Dawley rats by CRISPR/Cas9 technology.

2. Materials and methods

2.1. Ethics statement

This study was carried out in strict accordance with the ethical prin-
ciples and guidelines for scientific experiments on animals of the Swiss
Academy for the Medical Sciences. The ethics committee for animal ex-
perimentation for the canton of Vaud (authorization VD2967) approved
the protocols. Animals were kept in single ventilated cages and under
controlled humidity and temperature (21–23 °C), on 12 h/12 h day/
night cycle. Whenever possible, littermate controls were used to com-
pare experimental groups.

2.2. Creation of the Gcdhki/ki rat model

The rat Gcdh gene contains 12 exons with the ATG start codon in
exon 2 and TGA stop codon in exon 12. It is localized on chromosome
19q11, within a region of high homology to the human chromosome
19. Themutation p.R402W is the most frequent GCDHmutation in Cau-
casians and results in GA-I with a high excretor phenotype. The rat Gcdh
mutation p.R411W,which based on sequence homology corresponds to
theGCDHmutation p.R402W,was introduced into Sprague-Dawley rats
by CRISPR/Cas9 technology (Cyagen, Fig. 1A). Genotyping was per-
formed on genomic DNA from ear biopsies using the KAPA BIOSYSTEMS
kit (ref. KK7352) and the following primers for PCR amplification
(QIAGEN kit ref. 201,445, Fig. 1B):

F: 5'-AGGCGTATGCTACCACTGCTCAG-3′
R: 5'-TCAGGAGCATCTCACAGGGTCAT-3′

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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PCR conditions were as follows: 10min 95 °C, 35× [30 s 95 °C, 1 min
56 °C, 1 min 30 s 72 °C], 10 min 72 °C, then stored at 4 °C. After PCR am-
plification, an enzymatic digestion with the Mspl restriction enzyme
(Promega, R6401, Madison USA) was performed for 4 h at 37 °C. As in
Gcdhki/ki rats the restriction site was suppressed, we obtained one single
fragment of 452 bp, while the WT strain was cut in two fragments of
252 bp and 200 bp. Heterozygotes presented three bands of 452 bp,
252 bp and 200 bp (Fig. 1B). This new rat strain was named SD-
Gcdhem1Dba. Homozygous mutant rats were named Gcdhki/ki (KI) rats
in this manuscript.

2.3. High lysine diet

Gcdhki/ki and WT rats were challenged with a high lysine diet (HLD)
from the age of 3 weeks (after weaning) over 21 days (until the age of 6
weeks). For HLD, we applied a chow containing 4.7% of L-lysine (Safe
diet U8978P01R) instead of 1.1% L-lysine in the normal diet (ND, Kliba
Nafab 3242). 12 (6 females and 6 males) WT and 12 (6 females and 6
males)Gcdhki/ki ratswere submitted toHLD in three independent exper-
iments. An age-matched control group of 4 (2 females and 2males)WT
and 4 (2 females and 2 males) Gcdhki/ki rats was kept on ND. Anthropo-
metric measures were taken once weekly, food intake was determined
daily. Weight gain and BMI were calculated.

2.4. Measurement of GCDH enzymatic activity

GCDH catalyzes the oxidative decarboxylation of glutaryl-CoA to
crotonyl-CoA, which is directly metabolized to 3-hydroxybutyryl-CoA
in the presence of enoyl-CoA hydratase. GCDH activity in rat tissue
was determined after tissue homogenization and lysis in HEPES buffer
(20 mM HEPES, pH 7.0). Briefly, 0.2–0.6 mg/mL of tissue were assayed
in 75 mM potassium phosphate buffer (pH 7.4), 0.075 mM flavin ade-
nine dinucleotide (FAD), 0.3 mM ferrocenium hexafluorophosphate,
and 0.01mMglutaryl-CoA, at 37 °C. The reactionwas stopped using hy-
drochloric acid, followed by pH neutralization with potassium hydrox-
ide. An excess of L-cysteine was added to complete ferrocenium
reduction. Separation and quantification of glutaryl-CoA, crotonyl-CoA,
and 3-hydroxybutyryl-CoA were performed using reversed-phase
(C18 column) HPLCwith detection at 260 nm. Standardswere included
for all the metabolites monitored (Sigma-Aldrich). The GCDH activity
(formation of pmol Crotonyl-CoA/min/mg of total protein) was calcu-
lated based on the conversion rate of crotonyl-CoA to 3-
hydroxybutyryl-CoA in rat tissue lysates.

2.5. Tissue preparation

WT and Gcdhki/ki rats at 6 weeks of age under HLD and ND were
sacrificed by decapitation and immediately dissected. Different organs
(brain, kidney, liver and heart) were extracted. Half of each animal tis-
sue was frozen in liquid nitrogen to perform enzymatic assays and pro-
tein analyses (western blotting) while the other half was embedded in
paraffin for histology.

2.6. Measurements of organic acids and glutarylcarnitine

Organic acids and glutarylcarnitine were measured in plasma and
urine of Gcdhki/ki and WT rats at the age of 3 weeks under ND and at 6
Fig. 1. Generation of the knock-in Gcdh rat allele and initial characterization of Gcdhki/ki

generated by Crispr/CAS9 technology in order to insert the missense mutation p.R411W, whi
genomic DNA was extracted from ear biopsies. Exon 11 of the Gcdh gene was amplified by PC
sequence) and migrated on an agarose gel. Wild type (WT) rats were recognized by presence
bp) and Gcdhki/ki (KI) rats by one band (452 bp). (C) Quantification of GCDH protein expressio
(n = 4). (D) Western blot for GCDH protein expression using MRLP as a loading control. The t
activity of GCDH in brain, heart, kidney and liver of 6-week-old WT and Gcdhki/ki (KI) rats (n
liver of Gcdhki/ki rats. No significant difference between WT and Gcdhki/ki (KI) rats was observed
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weeks of age under ND or after 21 days of HLD. Measurements in CSF
were only performed in Gcdhki/ki and WT rats at the age of 6 weeks
under ND or HLD. All measurements were performed using a semi-
quantitative ultra-high performance liquid chromatography (UHPLC)
high-resolution tandem mass spectrometry (HRMS/MS) approach.
Plasma samples were prepared by precipitating 30 μL of plasma with
120 μL of ice-cold methanol, centrifuged, evaporated and subsequently
redissolved in 60 μL sample buffer (water, 0.1% FA). Urine samples
were diluted with water to a normalized creatinine level of 0.01 mM
and acidified to a final FA concentration of 0.1%. CSF samples were ana-
lyzed undilutedwith the addition of formic acid to a final concentration
of 0.1%.

Metabolites were separated using an ACQUITY UPLC® HSS T3 1.8
μm, 100 × 2.1 mm I.D. column (Waters, Massachusetts, US) and eluted
using the following gradient from solvent A (water, 5 mM ammonium
formate, 0.1% formic acid) to solvent B (methanol, 5 mM ammonium
formate, 0.1% formic acid) as follows: 2 min at 0% B, 2–3.5 min to 4%
B, 3.5–10 min to 45% B, 10–12 min to 70% B, 12–13.5 min to 100% B,
with an isocratic plateau at 100% B for 2 min to 15.5 min, and from
15.5–16.5 min to 0% B. The column was re-equilibrated after each run
for 8 min at 100% A.

Mass spectra were acquired using a heated electro-spray ionization
(HESI) source of a Q-Exactive high resolution, accurate mass
spectrometer (Thermo Scientific, Waltham, MS, USA). Mass spectra
were recorded in positive and negative mode with the MS detector in
full-scan mode (Full-MS) in the scan-range 50 to 750 m/z with data-
dependent (dd-MS2) acquisition of fragment ions from the top-5 most
abundant ions per scan.

HESI parameters: sheath gas flow rate 35 arbitrary units (AU), aux-
iliary gas flow rate 35 AU, sweep gas flow rate 2 AU, spray voltage 3.5
kV, capillary temperature 350 °C, aux gas heater temperature 350 °C.
Detector settings for full MS: In-source CID 0.0 eV, μscans = 1, resolu-
tion = 70,000, AGC target 1e6, max IT = 35 ms, spectrum data type,
profile. Detector setting for dd-MS2 were: μscans = 1, resolution =
17,500, AGC target 1e5, max IT= 80ms, loop count= 5, isolation win-
dow 4.0 m/z, NCE 30.0, intensity threshold 1.3e4, apex trigger 2 to 4 s,
spectrum data type, profile.

Peaks were integrated with Xcalibur (version 4.0.27.19, Thermo
Fisher Scientific) using windows of 0.01 m/z and 20 s for retention
time and subsequently normalized using isotopically labelled internal
standards.

Themeasurements of organic acids and glutarylcarnitine in striatum
tissue of 6-week-old Gcdhki/ki and WT rats under ND or HLD were per-
formed as described previously [32].

2.7. Quantification of amino acids and NH4
+

NH4
+ was measured on an Integra automatic analyzer (Roche) as

described previously [32]. Amino acids were measured in plasma of 6-
week-old Gcdhki/ki andWT rats under ND or HLD. The samples were an-
alyzed by LC-MS on aWaters QDa single quadrupolemass spectrometer
coupled with a H-class UPLC system. After a protein precipitation step
with the addition of 10% m/v sulfosalicylic acid solution containing 20
13C and formost of them also 15N isotopically labelled amino acids as in-
ternal standards, free amino acids were derivatized according to amod-
ified protocol of the Waters Corp. AccQ•Tag™ derivatization kit.
Modified amino acids were separated using a Cortex UPLC C18 (1.6
(KI) rats. (A) Based on the sequence of the WT rat Gcdh gene, a targeting construct was
ch corresponds to the frequent Caucasian GCDH mutation p.R402W. (B) For genotyping,
R, digested with the restriction enzymeMspI (cuts the WT sequence, but not the mutated
of two bands (252 bp and 200 bp), Gcdhki/wt rats by three bands (452 bp, 252 bp and 200
n by western blotting in kidney, liver and brain in 6-week-old WT and Gcdhki/ki (KI) rats
hree first lanes correspond to WT rats and the last three to Gcdhki/ki (KI) rats. (E) Enzyme
= 4). As expected, GCDH activity was found significantly decreased in heart, kidney and
in brain, which revealed a very low GCDH activity.
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μm particle size, 2.1 × 150 mm) column (Waters corp.), maintained
at 55 °C, with a 0.1% formic acid containing Water:Acetonitrile
mobile phase gradient of 12 min. The chosen flow rate had a value of
500 μL/min and the sample injection volume was 2 μL.

Amino acids and derivatives were quantified using standard calibra-
tion curves and isotopic labelled internal standards. LC-MS data were
processed using TargetLynx (Waters Corp.).

Plasma NH4
+ was measured on an Integra automatic analyzer

(Roche, Switzerland).
Amino acids measurements in urine of WT and Gcdhki/ki rats at 6

weeks of age under HLD and ND were carried out with the same
semi-quantitative method described above for organic acid
measurements.

Intracellular concentrations of amino acids were measured in stria-
tum ofWT and Gcdhki/ki rats at 6 weeks of age under HLD and ND as de-
scribed before [32,33].

2.8. CPS1 enzyme activity measurements in rat liver

Carbamoyl phosphate synthetase 1 (CPS1) activity of 6-week-old
Gcdhki/ki and WT rat liver lysates was measured in triplicates using the
previously described assay [34] converting carbamoyl phosphate to cit-
rulline. In brief, liver lysates were incubated for 10 min at 37 °C in an
assay mixture containing 50 mM glycyl-glycine pH 7.4, 70 mM KCl,
1 mM DTT, 20 mM MgSO4, 5 mM ATP, 35 mM NH4Cl, 50 mM KHCO3,
10 mM NAG, 5 mM L-ornithine and 4 U/mL OTC. Absorbance at
464 nm was measured to calculate to amount of converted citrulline.
Protein concentration was determined by the Bradford method using
BSA as standard.

2.9. Proton magnetic resonance spectroscopy (1H-MRS) of CNS at high
magnetic field (9.4 T)

For 1H-MRS, WT and Gcdhki/ki rats at 6 weeks of age under HLD and
ND (n=5WT rats and n=5Gcdhki/ki rats per condition)were anesthe-
tized with isoflurane (2% for maintenance, 70% compressed air and 30%
O2) as described [35]. In vivo 1H-MRSwasperformedon a horizontal ac-
tively shielded 9.4 Tesla system (Magnex Scientific, Oxford, UK)
interfaced to a Varian Direct Drive console (Palo Alto, USA) using a
home built 1H-quadrature surface coil (14mmdiameter) as transceiver
placed over the head of the animal. The volume of interest (VOI) was
positioned in striatum (2.5 × 2 × 2.5 mm3) based on axial and sagittal
anatomical T2 weighted images (multislice turbo-spin-echo sequence,
repetition time TR = 4 s, effective echo time TEeff = 52 ms, echo train
length= 8, field of view=23 × 23mm2, slice thickness= 1mm, 2 av-
erages, 256 × 256 image matrix). Localized spectra were acquired with
SPECIAL spectroscopy sequence (TE = 2.8 ms, TR = 4 s, 240 averages)
to obtain the specific neurochemical profile in the mentioned VOI
[35,36]. Metabolite concentrations were estimated using the LCModel
software as described previously [35,37].

2.10. Histology

The brain of each rat was fixed in a buffered formaldehyde solution
for 24 h. Each brainwas paraffin-embeddedwith a Leica ASP300S tissue
processor (Leica, Heerbrug, Switzerland), and 3 μm tissue sagittal sec-
tions prepared with a Microm HM 335 Emicrotome (Thermo Scientific,
Walldorf, Germany). Each section was stained with hematoxylin and
eosin (HE),mounted on glass slides, and examinedwith a Zeiss axioscan
Z.1 microscope (Zeiss, Lausanne, Switzerland) using bright field optics
at 20× and 40× magnification. On digital images of representative sec-
tions, the vacuoles were quantified with Zen blue 2.6 software. In addi-
tion, brain sagittal sections from6-week-oldGcdhki/ki andWT rats under
ND and HLDwere stained with Luxol fast blue in order to search for de-
myelination processed and PAS staining to detect glycogen deposits.
5

ImmunohistochemistryFor double immunofluorescence staining
the following antibodies were used: Glial Fibrillary Acidic Protein
(GFAP) (1:200, Merck Millipore, MAB360), Ionized calcium binding
adaptor molecule 1 (IBA1) (1:200, Abcam, ab5076; 1:100, Merck
Millipore, MAB5254), Cleaved caspase 3 (Asp175) (1:100, Cell signal-
ing) and Microtubule-associated protein 2 (MAP2) (1:100, Cell signal-
ing, 4542). All primary antibodies were diluted in blocking buffer
(1.5% donkey serum in PBS and 1× BSA-PBS; Sigma-Aldrich,
Germany). The following secondary antibodies were used: anti-rabbit
IgG Alexa Fluor 555 (1:200, Invitrogen, Eugene, Oregon, USA), anti-
goat IgG Alexa Fluor 488 (1:200,. Invitrogen, Eugene, Oregon, USA)
and anti-mouse IgGAlexa Fluor 488 (1:200, Invitrogen, Eugene, Oregon,
USA). Secondary antibodies were diluted in phosphate-buffered saline
(PBS) containing 0.5% Tween 20 (PBS-T, pH 7.4).

Brain sagittal sections from 6-week-old Gcdhki/ki and WT rats under
HLD or ND were deparaffinized. After two washes with PBS, sections
were fixed 1 h in neutral-buffered 4% formalin followed by heat-
induced epitope retrieval in EDTA-T buffer (1 mM EDTA, pH 8.0, 0.05%
Tween 20) for 40min at 95 °C and 20min at room temperature. Sections
were washed in deionized H2O and equilibrated with PBS-T. Non-
specific antibody binding sites were blocked with blocking buffer (1%
bovine serum albumin, 3% donkey serum in PBS and 1× BSA-PBS;
Sigma-Aldrich, Germany) for 1 h. Sectionswere incubatedwith primary
antibodies overnight at 4 °C. Afterwards, sections were washed three
times in PBS-T and incubated for 1 h with secondary antibodies.
Specimens were again washed three times in PBS-T and incubated
with 0.5 μg/mL 4′,6-diamidino-2-phenylindole (Sigma, St Louis,
Missouri, USA) for 10 min. Slides were washed twice in distilled H2O
and mounted in Fluorescent Mounting Medium FluorSave™ (Merck
Millipore, Germany). Sections were photographed using a Hamamatsu
Nanozoomer S60 microscope with 40× objective allowing for multiple
magnification through pixel binning. Images were analyzed with NDP.
view2 software.

2.11. Measurements of OXPHOS complex activities

OXPHOS analyses were performed on brain sections of cerebellum,
cortex, hippocampus and striatum of 6-week-old Gcdhki/ki and WT rats
under HLD or ND. Spectrophotometric measurements of OXPHOS en-
zyme and citrate synthase (CS) activities were performed as previously
described [38]. Kidney and brain tissues (20–100 mg) were homoge-
nized with a tissue disintegrator (Ultraturrax, IKA, Staufen, Germany)
in extraction buffer (20 mM Tris-HCl, 250 mM sucrose, 40 mM KCl,
2 mM EGTA, pH 7.6) and finally homogenized with a motor-driven
Teflon-glass homogenizer (Potter S, Braun, Melsungen, Germany). Ho-
mogenates were centrifuged at 600 xg for 10 min at 4 °C. The
postnuclear supernatant (600 x g homogenate) containing the mito-
chondrial fraction was used for measurements of enzyme activities.

After initial recording of thiolase activity for 2 min, the citrate syn-
thase reaction was started by addition of 0.5 mM oxaloacetate and
was followed at 412 nm for 8min. Themean unspecific thiolase activity
was 2% of the CS activity. Enzyme activities of the OXPHOS complexes
were determined as follows: rotenone sensitive complex I activity was
measured spectrophotometrically as NADH/decylubiquinone oxidore-
ductase at 340 nm. The whole reaction mixture for the ATPase activity
measurement was treated for 10 s with an ultra-sonifier (Bio cell
disruptor 250, Branson, Vienna, Austria). Complex II activity was mea-
sured according to [39] with the following modifications: The reaction
mixture contained 50 mM potassium phosphate pH 7.8, 2 mM EDTA,
0.1% BSA, 3 μM rotenone, 80 μM 2,6-dichlorophenol, 50 μM
decylubiquinone, 1 μM antimycin A, 0.2 mM ATP, 0.3 mM KCN and the
600 x g homogenate. The mixture was preincubated for 10 min at 37
°C, started by addition of 10 mM succinate, and followed for 6 min at
600 nm. The reaction mixture for the measurement of the complex III
activity contained 50 mM potassium phosphate buffer pH 7.8, 2 mM
EDTA pH 8.6, 0.3 mM KCN, 100 μM cytochrome c, 200 μM reduced
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decylubiquinol. The reactionwas initiated by addition of the 600 x g ho-
mogenate. After 3–4min, the reactionwas inhibited by addition of 1 μM
antimycin A. The antimycin A-insensitive activity was substracted from
total activity to calculate the complex III activity. All spectrophotometric
measurements (Uvicon 922, Kontron, Milan, Italy) were performed at
37 °C.
2.12. Proteomic analyses

Proteomic analyses were performed onwhole brains of Gcdhki/ki and
WT rats under ND at the age of 3 (n= 4) and 6 (n = 4) weeks, and on
striatal sections of 6-week-old Gcdhki/ki and WT rats under ND (n =
4) or HLD (n = 3). The comparisons were performed using different
quantitative proteomic approaches [40]. In detail, the comparisons be-
tween 3-week-old Gcdhki/ki rats versus WT rats under ND and between
6-week-old Gcdhki/ki rats versus WT rats under ND were performed by
means of the spectral counting approach; the comparisons in striatum
of 6-week-old Gcdhki/ki and WT rats under ND or HLD by the label-free
quantification (LFQ) method.

The proteomes of whole brains (2 at 3 weeks and 2 at 6 weeks for
each condition) were extracted and separated by monodimensional
SDS-PAGE according to De Pasquale et al. (2020) [41]. Protein in-gel di-
gestion was carried out using trypsin as proteolytic enzyme. Peptide
mixtures were analyzed by liquid chromatography – tandem mass
spectrometry (LC-MS/MS) using a LTQ-Orbitrap XL mass spectrometer
(Thermo Scientific, Bremen, Germany) and quantitative analysis was
performed with the Thermo Proteome Discoverer (version 1.4.1.14)
platform (Thermo Scientific, Bremen, Germany), as described [42]. Tax-
onomywas selected for Rattus norvegicus. Each samplewas run twice as
MS technical replicates. The fold change (FC) for each proteinwas calcu-
lated as the binary logarithm of the ratio of the average NSAF (Normal-
ized Spectral Abundance Factor) values [43] of Gcdhki/ki and WT rats.
Differentially regulated proteins with a t-test p-value lower than or
equal to 0.05 were selected as statistically significant.

Protein extracts from striatum were obtained by mechanical lysis
[44] in RIPA buffer (Sigma-Aldrich, St. Louis,MO, USA) containing a pro-
tease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA),
and centrifugation at 14,000 xg for 20 min at 4 °C to collect the protein
supernatant. The proteomic experimentwas carried out by digestion on
S-Trap columns (Protifi, Huntington,NY, USA), LC-MS/MSanalysis using
a Q Exactive PLUSmass spectrometer (Thermo Scientific,Waltham,MA,
USA), and LFQ using MaxQuant software (version 1.5.8.3), as described
[45]. Each sample was run thrice asMS technical replicates. For the LFQ,
the fasta file for the proteome of Rattus norvegicus was downloaded
from UniProt. The comparisons between Gcdhki/ki versus WT rats
under ND and between Gcdhki/ki versus WT rats under HLD in striatum
were carried out with the Perseus software version 1.6.0.7 (available
at www.perseus-framework.org). The FC was determined as difference
of the average log2 protein LFQ intensities of Gcdhki/ki and WT samples.
A q-value (with False Discovery Rate (FDR)= 1%, S0= 0.5) was applied
to determine the statistically significant proteins that varied in all
conditions.

The differential datasets produced as explained above were graphi-
cally represented in form of volcano plots or heat maps generated by
the GraphPad Prism 8 and Metaboanalyst 4.0 tools [46], respectively.
2.13. Bioinformatics analyses

To annotate age and diet dependent functional activities andmolec-
ular pathways influenced by GCDH protein depletion in rat brain tis-
sues, the identified proteomic datasets were analyzed by the g:Profiler
tool (https://biit.cs.ut.ee/gprofiler/gost). The g:Profiler data sources
were: Gene Ontology, KEGG, Reactome and Human Phenotype Ontol-
ogy. The q-value cutoff (FDR) was 0.05 [47].
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2.14. Statistical analyses

Unless otherwise stated, results are presented as mean ± standard
deviation. Data for quantitative measurements of organic acids in stria-
tum, weight gain, BMI, food intake, ammonium concentrations in
plasma, amino acid concentrations in plasma, amino acid concentra-
tions in striatum, vacuoles quantifications, and OXPHOS enzymatic
analyseswere analyzed by two-way analyses of variance (ANOVA), con-
sidering the factors: 1) genotype: WT or Gcdhki/ki 2) diet: ND or HLD;
3) interaction between genotype and diet. F values are presented
when differences between groups were rated significant at P < 0.05.
The post-hoc Tukey's and non-parametric Mann Whitney tests were
performed when means from three or more groups were compared.
Protein contents by western blotting, enzymatic activities of crotonyl
CoA, semi-quantitative analyses of organic acids and semi-quantitative
measurements of amino acids were analyzed by Student's t-test for un-
paired samples to compare means between two different groups or
non-parametric Mann Whitney tests. All statistical analyses were car-
ried out using the SPSS Software (IBM Software, USA) and Graphpad
Software (Graphpad Software, USA).

3. Results

3.1. Creation of the Gcdhki/ki rat model

The ratGcdhmutation p.R411W (CGG> TGG) c.1231C > Twas gen-
erated by Crispr/CAS9 genome engineering (Fig. 1A-B). Breeding of
Gcdhki/wt rats displayed the expected Mendelian distribution of geno-
types: 49% Gcdhki/wt, 29% Gcdhki/ki and 22.5% Gcdhwt/wt average number
of litters: 15 (data obtained from 133 pups of nine litters of heterozy-
gous breeding pairs). The expected Mendelian distribution confirmed
that Gcdhki/ki rats had a normal foetal and postnatal viability. At
early stages of life, Gcdhki/ki rats were largely indistinguishable from
Gcdhki/wt and WT littermates (no significant difference in body weight,
body size, fur colour and behavior). Breeding of Gcdhki/ki rats revealed
normal fertility and normal life span.Under ND, Gcdhki/ki rats did not
present any signs of AEC. Western blotting for GCDH showed a signifi-
cantly diminished expression in kidney, liver and brain of Gcdhki/ki rats
compared with WT controls (Fig. 1C-D). While GCDH activity was
found clearly diminished in kidney, heart, and liver of Gcdhki/ki rats, the
detectable enzymatic activity in brain tissue was low and no significant
differences could be observed between Gcdhki/ki andWT rats (Fig. 1E).

3.2. Biochemical phenotype of Gcdhki/ki rats

As expected, Gcdhki/ki rats under ND revealed a high excretor pheno-
type, including increase of C5DC, GA and 3-OHGA in plasma andurine at
the age of 3 and 6weeks (Fig. 2A-C). After 21 days of HLD at the age of 6
weeks, C5DC was found significantly increased in urine, CSF and stria-
tum of Gcdhki/ki rats, while no significant difference was observed in
plasma (Fig. 2A). GA concentrations in plasma, urine and striatum in-
creased significantly in Gcdhki/ki rats under HLD, but no difference was
observed in CSF (Fig. 2B). 3OHGA concentrations increased significantly
in plasma and striatum of Gcdhki/ki rats exposed to HLD (Fig. 2C). Free
carnitine (C0) concentrations decreased in urine of Gcdhki/ki rats under
ND and in striatum of Gcdhki/ki rats independently of the diet (Fig. 2D),
while no significant difference was found in plasma and CSF.

3.3. Low food intake, slowing of weight gain and decline of BMI in Gcdhki/ki

rats under HLD

No significant differences between WT and Gcdhki/ki rats were ob-
served in food intake, weight gain, seize and body mass index (BMI)
under ND (Fig. 3A, C, E, G and H). Under HLD, Gcdhki/ki rats showed a se-
verely diminished food intake (P=0.023; Fig. 3 B) resulting in a signif-
icant decrease of weight gain in both genders (Fig. 3D and F; P=0.0015

http://www.perseus-framework.org
https://biit.cs.ut.ee/gprofiler/gost
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Fig. 2. High excretor phenotype ofGcdhki/ki (KI) rats. Acylcarnitines and organic acidsweremeasured in plasma (first column) and urine (second column) ofWT and Gcdhki/ki (KI) rats
at 3 weeks (after weaning) under ND and at 6weeks under ND and under HLD. CSF (third column) was only analyzed in 6-week-old rats under HLD. Striatal tissue (fourth column) was
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and 0.0001) and a significantly reduced BMI (P=0.008; Fig. 3G and H).
After 21 days of HLD, Gcdhki/ki rats appeared to be significantly smaller
than WT rats under the same condition (Fig. 3H).

3.4. Neurological phenotype in Gcdhki/ki rats under HLD

After one week of HLD, 4-week-old Gcdhki/ki rats presented with
lethargy, imbalance, muscle stiffness and spasticity (Supplementary
Video 1) compared to Gcdhki/ki rats under ND (Supplementary Video 2).

3.5. Ammonium increase and alterations of related metabolites in
Gcdhki/ki rats

Ammonium (NH4
+; Fig. 4A): Under ND, plasma NH4

+ concentrations
increased significantly in Gcdhki/ki rats compared toWT rats (P<0.001).
HLD induced a significant increase of NH4

+ concentrations in Gcdhki/ki

and WT rats as compared to ND (P < 0.001), but NH4
+ concentrations

were still significantly higher in Gcdhki/ki rats (P = 0.013).
Urea (Fig. 4B): Under HLD, ureawas strongly decreased in plasma of

Gcdhki/ki rats (P = 0.001).
Glutamate (Glu; Fig. 4C-D):HLD induced a significant increase of Glu

concentrations in plasma of WT rats under HLD (Fig. 4C), but not in
Gcdhki/ki rats. No significant changes were observed in urine (Fig. 4D).

Glutamine (Gln; Fig. 4E-F): A tendency for a decrease of Gln concen-
trations was noticed in plasma of Gcdhki/ki rats under ND and HLD
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(Fig. 4E). In urine, an increase of Gln concentrations was observed in
Gcdhki/ki rats after exposure to HLD (P < 0.0001; Fig. 4F).

Ornithine (Orn; Fig. 4G-H): Under HLD, plasmatic Orn concentra-
tions decreased significantly in WT and Gcdhki/ki rats as compared to
ND, but the decrease was more important in Gcdhki/ki rats (P = 0.02;
Fig. 4G). In contrast, urinary Orn concentrations increased significantly
in Gcdhki/ki rats under HLD (P = 0.01; Fig. 4H).

Arginine (Arg; Fig. 4I-J): Under HLD, plasmatic Arg concentrations
increased to a similar extent in WT and Gcdhki/ki rats (P = 0.001;
Fig. 4I). In urine, a significant increase of Arg concentrations was
observed in Gcdhki/ki rats under ND and HLD (P = 0.02 and P =
0.0001 respectively; Fig. 4J).

3.6. Normal CPS1 activity in liver of Gcdh ki/ki rats

No significant difference in CPS1 enzymatic activities measured in
liver tissue was observed between 6-week-old Gcdh ki/ki and WT rats
under ND and HLD (data not shown).

3.7. Altered lysine degradation in Gcdhki/ki rats under HLD

In order to search for potential changes in lysine degradation path-
ways, we measured lysine, aminoadipic acid, pipecolic acid and
saccharopine concentrations in plasma, urine, CSF and striatum of 6-
week-old Gcdhki/ki and WT rats under ND and HLD (Fig. 5A-D).



Fig. 3. Significantly decreased food intake led to reducedweight gain, lowerBMI and smaller size inGcdhki/ki (KI) rats underHLD.WTandGcdhki/ki (KI) rats at the age of 3weekswere
fedduring21dayswith either NDorHLD. Food intakewasmeasureddaily and ratswereweighedonce aweekduring the experiment.A-F:Results ofWT rats are indicated inblack, results
of Gcdhki/ki (KI) rats in red. (A) ND: Food intake of WT and Gcdhki/ki (KI) rats under ND did not show any difference. (B) HLD: Under HLD, Gcdhki/ki (KI) rats had a significantly lower food
intake as compared toWT rats. (C)Males under ND:Weight gain did not differ betweenWT andGcdhki/ki (KI)males under ND. (D)Males under HLD:Under HLD,Gcdhki/ki (KI)males had a
significantly lowerweight gain as compared toWTmales. (E) Females under ND: Under ND,Gcdhki/ki (KI) females had a slightly, but not significantly lowerweight gain. (F) Females under
HLD:UnderHLD,Gcdhki/ki (KI) females had a significantly lowerweight gain. Data shown asmean±SD; Student's test: *p<0.05, **p<0.01, ***p<0.001, p<0.0001. (G) Photos ofWT and
Gcdhki/ki (KI) rats at the age of 6weeks under ND and after 21 days of HLD. Gcdhki/ki (KI) rats under HLD showed a significantly smaller body size (in red box). (H) Calculated BMI at the age
of 6 weeks. Under HLD, Gcdhki/ki (KI) rats had a significantly lower BMI thanWT rats. Data shown asmean± SD; Tukey test orMannWhitney: *p < 0.05, **p< 0.01. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Kynureninewas only analyzed in plasma (Fig. 5E). Measurements of ly-
sine, aminoadipic acid and pipecolic acid concentrations in CSF under
HLD did not reveal any significant differences between WT and Gcdhki/
ki rats (data not shown).

Lysine (Lys; Fig. 5A): As expected, plasmatic Lys concentrations in-
creased significantly in both genotypes under HLD compared to ND (P
= 0.000). In urine, Lys concentrations increased significantly in Gcdhki/
ki rats exposed to HLD (P=0.0001). Lys increased significantly in stria-
tum of Gcdhki/ki rats under ND and HLD (P = 0.000).

Aminoadipic acid (Fig. 5B): Aminoadipic acid increased after expo-
sure to HLD in both, WT and Gcdhki/ki rats in plasma, urine and striatum
(P= 0.000 for each one). No difference was observed betweenWT and
Gcdhki/ki rats under ND or HLD.

Pipecolic acid (Fig. 5C): Only low concentrations of pipecolic acid
were detected in plasma and urine of WT and Gcdhki/ki rats under ND.
Surprisingly, concentrations of pipecolic acid increased significantly in
plasma, urine and striatum of Gcdhki/ki rats under HLD (P = 0.000, P <
0.0001 and P < 0.000). Pipecolic acid was found to be already signifi-
cantly increased after 24 h of HLD in plasma of Gcdhki/ki rats (data not
shown).

Saccharopine (Fig. 5D): Saccharopine concentrationswere only ana-
lyzed in plasma and urine. Under HLD, saccharopine concentrations
showed a significant decrease in plasma (P=0.01) and a significant in-
crease in urine (P = 0.0001) of Gcdhki/ki rats.

Kynurenine (Fig. 5E): Kynurenine concentrations were only ana-
lyzed in plasma. A significant decrease of kynurenine was observed in
plasma of Gcdhki/ki rats under HLD (P = 0.000).

3.8. Amino acid alterations in Gcdhki/ki rats

A panel of amino acids was investigated by LC-MS/MS or UHPLC in
plasma, urine, CSF and striatum of 6-week-old Gcdhki/ki and WT rats
under ND and HLD. Apart from the above-mentioned amino acids,
nine other amino acids presented significant differences between Gcdh-
ki/ki and WT rats in at least two body samples:

Glycine (Supp. Fig. 1a A): Under HLD, glycinewas found to be signif-
icantly lower in plasma of WT and Gcdhki/ki rats (P = 0.000) compared
to WT and Gcdhki/ki rats under ND. Glycine was found significantly in-
creased in urine (P = 0.0001) and decreased in CSF of Gcdhki/ki rats
under HLD (P = 0.01) compared to WT rats under HLD. No significant
changes were observed in striatum.

Histidine (Supp. Fig. 1a B): Under HLD, histidine concentrations
were found significantly increased in urine and CSF of Gcdhki/ki rats (P
= 0.0001 and P = 0.0006 respectively) compared to WT rats under
HLD. No significant changes were observed in plasma and striatum.

Homocitrulline (Supp. Fig. 1a C): Homocitrulline concentrations
were significantly increased in plasma, urine, CSF and striatum of Gcdh-
ki/ki rats under HLD (P=0.02, P=0.0001, P=0.0001 and P=0.000 re-
spectively) compared with WT rats under HLD.

Methionine (Supp. Fig. 1a D): Methionine concentrations were sig-
nificantly lower in plasma of Gcdhki/ki rats under HLD (P=0.013) com-
pared with WT rats under HLD, while its urinary excretion and
concentrations in CSF increased under the same condition (P =
0.009). No significant changes were observed in urine and striatum.

Leucine (Supp. Fig. 1a E): A significant decrease of leucine concentra-
tions was observed in plasma of Gcdhki/ki rats independently of diet as
compared to WT rats, while leucine concentrations increased
Fig. 4. Increased ammonium and decreased urea concentrations in plasma ofGcdhki/ki (KI)
rats under ND or after 21 days of HLD in plasma (quantitative analyses) and urine (semi-quan
significant increase in Gcdhki/ki (KI) rats under ND and HLD. (B) Urea concentrations in plas
concentrations in plasma showed a significant decrease in Gcdhki/ki (KI) rats under HLD. (D
concentrations in urine revealed a significant increase in Gcdhki/ki (KI) rats under HLD. (G) Or
under HLD, while Orn concentrations in urine (H) increased significantly in the same conditio
significant increase in Gcdhki/ki (KI) rats under ND and even more pronounced under HLD.
comparisons Tukey test or Mann Whitney: *p < 0.05, **p < 0.01, ***p < 0.001 after ANOVA tw
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significantly in urine of Gcdhki/ki rats under HLD (P=0.0083). No signif-
icant changes were observed in CSF and striatum.

Phenylalanine (Supp. Fig. 1b F): Under ND, urinary phenylalanine
excretion was significantly higher in Gcdhki/ki rats (P= 0.03) compared
to WT rats under ND. Under HLD, plasmatic phenylalanine concentra-
tions revealed a significant decrease in both genotypes, but the decrease
was more important in Gcdhki/ki rats (P = 0.04) compared to WT rats
under HLD. No significant changes were observed in CSF and striatum.

Serine (Supp. Fig. 1b G): Independently of the diet, serine tended to
increase inGcdhki/ki rats in all performed analyses. Itwas significantly in-
creased in urine and striatumofGcdhki/ki rats under both diets compared
toWT rats (urine ND: P = 0.03, urine HLD: P = 0.04, striatum ND: P=
0.004 and striatumHLD: P=0.001) and in plasma ofGcdhki/ki rats under
HLD (P = 0.046).

Valine (Supp. Fig. 1b H): Under HLD, valine concentrations de-
creased significantly in plasma of Gcdhki/ki rats compared to WT rats
under HLD (P = 0.003). In striatum, valine concentrations increased
in Gcdhki/ki rats under ND and HLD compared to WT rats. No significant
changes were observed in urine and CSF.

Taurine (Supp. Fig. 1b I): Taurine concentrations increased signifi-
cantly in plasma and urine of Gcdhki/ki rats under HLD (P = 0.02 and P
= 0.0067) compared to WT rats under HLD. No significant changes
were observed in CSF and striatum.

The results for the following amino acids did not reveal any signifi-
cant differences: alanine, asparagine, aspartate, citrulline, cystine, etha-
nolamine, hydroxylysine, hydroxyproline, oxidised glutathione,
phosphoethanolamine, proline, sarcosine, anthranilic acid, xanthurenic
acid, tryptophane, tyrosine and creatinine (data not shown).
3.9. Altered brain metabolism in Gcdhki/ki rats

We evaluated brainmetabolism inWT and Gcdhki/ki rats at the age of
6weeks under NDandHLDby analyses of amino acids and organic acids
in CSF and brain tissue (striatum) and by 1H-MRS of the rat striatum
using a high magnetic field of 9.4 T (Fig. 6). Data for CSF metabolites
were only available in 6-week-old rats under HLD.

Glutamate (Glu; Fig. 6A-C): Under HLD, 1H-MRS of the striatum
showed a decrease of 10%Glu inGcdhki/ki rats (P=0.007). No significant
difference was observed in CSF and striatal tissue.

Glutamine (Gln; Fig. 6D-F): 1H-MRS revealed a decrease of 15% Gln
in striatum of Gcdhki/ki rats under ND (P = 0.008) and an increase in
both genotypes under HLD (52% in WT rats and 80% in Gcdhki/ki rats).
Under HLD, Gln increased significantly in CSF of Gcdhki/ki rats (P =
0.0002). A trend to decrease was observed in striatal tissue, but it was
not statistically significant.

Creatine (Fig. 6G-I): Under HLD, creatine concentrations decreased
significantly in CSF of Gcdhki/ki rats (P=0.01). In striatal tissue, creatine
decreased significantly inWT rats under HLD (P=0.012), while no sig-
nificant difference was observed by 1H-MRS.

Lactate (Fig. 6J-K): Under HLD, lactate significantly decreased in CSF
of Gcdhki/ki rats (P = 0.006). 1H-MRS in striatum revealed a lactate in-
crease in both genotypes under HLD (48% in WT rats and 44% in Gcdh-
ki/ki rats, P = 0.001). However, 1H-MRS did not reveal any significant
difference between WT and Gcdhki/ki rats under ND or HLD. Lactate
was also measured in plasma and urine, but no significant changes
were observed (data not shown). It was not analyzed in striatal tissue.
rats under HLD.Differentmetabolites were measured in 6-week-oldWT and Gcdhki/ki (KI)
titative analyses by UHPLC). (A) Ammonium (NH4+) concentrations in plasma showed a
ma revealed a significant decrease in Gcdhki/ki (KI) rats under HLD. (C) Glutamate (Glu)
) Glu concentrations in urine. (E) Glutamine (Gln) concentrations in plasma. (F) Gln
nitine (Orn) concentrations in plasma showed a significant decrease in Gcdhki/ki (KI) rats
n. (I) Arginine (Arg) concentrations in plasma. (J) Arg concentrations in urine revealed a
n = 4 for all conditions. X-axes show genotypes. Data shown as mean ± SD; multiple
o ways analysis. Data shown as mean ± SD: Student's t-test: ****p < 0.0001.
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Myo-inositol (Fig. 6L): Under HLD, 1H-MRS revealed a significant
decrease (18%) of myo-inositol in striatum of Gcdhki/ki rats (P =
0.013). It was not analyzed in striatal tissue or CSF.

Inosine (Fig. 6M): Under HLD, inosine decreased significantly in CSF
of Gcdhki/ki rats (P = 0.006). It was not analyzed in striatum, neither in
tissue nor by 1H-MRS.

Gamma-aminobutyric acid (GABA): No significant changeswere ob-
served for GABA in CSF, striatal tissue or by 1H-MRS (data not shown).
3.10. Increased vacuole numbers in different brain regions of Gcdhki/ki rats

Brains of 6-week-old rats under ND andHLDwere cut in sagittal sec-
tions, stained with HE and analyzed in a standardized manner (Fig. 7).
We detected an increased number of optically empty vacuoles in
Gcdhki/ki brains compared to WT brains. Spongiotic changes were most
pronounced in the corpus callosum until the fornix (Fig. 7E) and in the
striatumofGcdhki/ki rats under HLD (Fig. 7I). In the anterior commissural
nucleus (Fig. 7K andM) and the cerebellum (Fig. 7O and Q), the number
of vacuoles increased inGcdhki/ki rats independently of the type of diet In
general, these vacuoles appeared as irregularly distributed spongiotic
changes within white matter. Electron microscopy revealed no cellular
reaction like gliosis or necrosis (data not shown). Quantification of vac-
uoles in corpus callosum(Fig. 7R) and striatum(Fig. 7S) showed a signif-
icant increase in 4/4 Gcdhki/ki rats exposed to HLD. In the anterior
commissural nucleus (Fig. 7T) and the cerebellum (Fig. 7U) vacuole
numbers were increased in 4/4 Gcdhki/ki rats under ND and in 4/4 Gcdh-
ki/ki rats under HLD independently of gender (2 males and 2 females).
Luxol fast blue-stained sections did not show any myelin loss and PAS
staining did not reveal any significant differences in proportion of mac-
romolecules like glycogen and proteoglycans (data not shown).
3.11. Co-localization ofmicroglial activation and astrogliosis in Gcdhki/ki rat
brains

Immunostaining for Iba-1 in WT rats under ND revealed small
cellular bodies and well-developed dendritic prolongations (Fig. 8A-
B). In 6-week-old Gcdhki/ki rats, Iba-1-immunoreactive microglia
showed hypertrophic cytoplasm and retracted processes independently
of the diet in striatum, cerebellum, hippocampus and cortex (for cere-
bellum see Fig. 8; for hippocampus see Fig. 9; data not shown for stria-
tum and cortex). However, staining for Iba-1 in cerebellum of Gcdhki/ki

rats under HLD revealed an amoeboid morphology of microglia
(Fig. 8G-H) compared to WT rats under HLD (Fig. 8E-F). This observa-
tion was also present, but less pronounced in cerebellum of Gcdhki/ki

rats under ND (Fig. 8C-D). Co-staining for Iba1 and GFAP confirmed
microglial activation in hippocampus of Gcdhki/ki rats under ND and
HLD (Fig. 9B and D).

Immunostaining for GFAP in different brain regions of 6-week-old
Gcdhki/ki rats under ND and HLD showed the typical signs for
astrogliosis: an increased diameter of cell bodies and increased thick-
ness of proximal processes of astrocytes, which oftenwere found aggre-
gated together (Fig. 9). Co-immunostaining for GFAP and Iba1 showed
astrogliosis in Gcdhki/ki rats independently of the diet in hippocampus
(Fig. 9A-D), striatum, cerebellum and cortex (data not shown). These
are the same regions, in which microglial activation was observed (see
above).
Fig. 5. Lysine degradation via pipecolic acid pathway in Gcdhki/ki (KI) rats under HLD. The f
Gcdhki/ki (KI) rats under ND or after 21 days of HLD in plasma (quantitative analyses, first colu
(quantitative analyses, third column): (A) Lysine, (B) aminoadipic acid, (C) pipecolic acid and
striatum of Gcdhki/ki (KI) rats. n = 4 for each conditions. X-axes show genotypes. Data shown
(urine and CSF): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.12. Apoptotic cell death of cerebellar astrocytes in Gcdhki/ki rats under ND

Immunostaining for DAPI and cleaved caspase 3 showed an in-
creased cell death by apoptosis in the granular layer and white matter
of the cerebellum in Gcdhki/ki rats under ND (Fig. 10A-B). Co-staining
with GFAP identified astrocytes as the dying cells (Fig. 10C-D). No in-
creased cell death or apoptosis was observed in other brain regions of
Gcdhki/ki rats under ND or HLD (data not shown).

3.13. Combined effect of genotype and diet on cerebellar neurons in
Gcdhki/ki rats under HLD

Immunostaining for MAP2 showed a decreased signal in cerebellum
of 6-week-old Gcdhki/ki rats under ND (Fig. 10F). The effects of genotype
and diet were additive and resulted in the most severe decrease of
MAP2 expression in cerebellar neurons of Gcdhki/ki rats under HLD
(Fig. 10H). No significant difference was observed between Gcdhki/ki

and WT rats under HLD in other brain regions or under ND (data not
shown). However, proteomic analyses showed downregulation of
MAP2 in striatum of Gcdhki/ki rats under HLD (Suppl. Table 5).

3.14. Altered OXPHOS activities in hippocampus and striatum of
Gcdhki/ki rats

Enzymatic activities and western blot analyses of the five OXPHOS
complexes were analyzed in cortex, cerebellum, hippocampus and stri-
atum of 6-week-oldWT and Gcdhki/ki rats under ND and HLD. No signif-
icant differences between WT and Gcdhki/ki rats were found for
enzymatic OXPHOS activities in cerebellum and cortex (data not
shown).

In hippocampus, activity of complex IV (cytochrome c oxidase) in-
creased significantly in Gcdhki/ki rats under ND (Fig. 11D). We also ob-
served a slightly increased, but statistically not significant activity of
complex IV (cytochrome c oxidase) in hippocampus of Gcdhki/ki rats
under HLD (Fig. 11D).

In striatum, enzymatic activity of complex I (NADH:ubiquinone oxi-
doreductase) was found significantly increased in Gcdhki/ki rats under
ND (Fig. 11F), while activities of complexes III (cytochrome c reductase)
and IV decreased significantly (Fig. 11H-I) in the same condition. No sig-
nificant difference was observed in rats under HLD.

Western blot analyses of the five OXPHOS complexes did not show
any significant differences between WT and Gcdhki/ki rats under ND
and HLD (data not shown).

3.15. Altered whole brain proteome of Gcdhki/ki rats

Protein expression profiles have been investigated in whole brain
tissues of 3- and 6-week-old WT and Gcdhki/ki rats under ND by a quan-
titative label-free proteomic approach comparing the brain protein
abundance between Gcdhki/ki and WT rats (Fig. 12).

In whole brain analyses of 3-week-old rats, 346 proteins were found
statistically altered in Gcdhki/ki rats compared to WT rats; among these,
198 proteins were down-regulated and 148 were up-regulated
(Fig. 12A-B, Supp. Table 1). Significant protein alterations were graphi-
cally represented in a volcano plot (Fig. 12A), highlighting the signifi-
cant down- (blue) and up-regulated (red) proteins and in a heat map
overview (Fig. 12B) showing a good separation between Gcdhki/ki and
WT rats.
ollowing metabolites implicated in Lys degradation were analyzed in 6-week-old WT and
mn), urine (semi-quantitative analyses by UHPLC, second column) and in striatal tissue
(D) saccharopine. Under HLD, pipecolic acid increased significantly in plasma, urine and
as mean ± SD; Tukey test (plasma and striatum) and Student's t-test or Mann Whitney
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In whole brain analyses of 6-week-old rats, comparative analysis re-
sulted in the identification of 392 differentially regulated proteins in
Gcdhki/ki rats, of which 318 proteins resulted up-represented and 74
down-represented (Fig. 12C-D, for a detailed list see Supp. Table 2).

A total of 41 up-regulated and 15 down-regulated proteins were
identified in common at the age of 3 and 6 weeks (Fig. 12E-F, for a
detailed list see Supp. Table 3).

The lists of significant differentially expressed proteins in Gcdhki/ki

rats compared to WT rats, of which the relative abundance was also in-
fluenced by age and diet, were clustered according to their gene ontol-
ogy (GO) categories. The most interesting altered GO molecular
function in whole brains of Gcdhki/ki rats at the age of 3 weeks under ND
was ‘structural postsynaptic constituents` (p-value 6.54E-06, n.
intersections 6) (Fig. 12G and Supp. Table 4). According to GO biological
process clusterization, the processes ‘nervous system development’ (p-
value 3.02E-11, n. intersections 71), ‘synaptic signaling’ (p-value 2.70E-
10, n. intersections 34), and ‘neuron projection development’ (p-value
2.12E-8, n. intersections 39) were the most affected (Fig. 12G and
Supp. Table 4). For GO cellular component analysis, 78 dysregulated
proteins were recognized as belonging to the ‘synapse’ (p-value 1.55E-
35) (Fig. 12G and Supp. Table 4).

In whole brains of 6-week-old Gcdhki/ki rats under ND, the GO biologi-
cal processes ‘nervous system development’ (p-value 2.02E-07, n. inter-
sections 65), ‘synaptic signaling’ (p-value 6.65E-08, n. intersections 32),
and ‘neuron projection development’ (p-value 9.51E-07, n. intersections
38)were found commonly enriched (Fig. 12H and Supp. Table 5). As for
3-week-old rats, the most significant GO cell component enriched in 6-
week-oldGcdhki/kiwhole brains under NDwas ‘synapse’with 84dysreg-
ulated proteins (p-value 6.15E-37). Differentially abundant proteins
were also analyzed using the REACTOME, KEGG, and human phenotype
(HP) databases (Fig. 12G, H and Supp. Tables 4–5). In particular, the
KEGG clustering showed ‘biosynthesis of amino acids’ (p-value 7.16E-
10, n. intersections 15) and ‘carbon metabolism’ (p-value 4.01E-09, n.
intersections 17) as major significant clusters. Interestingly, the HP
class ‘abnormal muscle physiology’ (p-value 4.12E-3, n. intersections
53) was also found enriched in the differential proteome of 6-week-
old rats under ND.

The common differential abundant proteins betweenGcdhki/kiwhole
brains at 3 and 6 weeks under ND (Supp. Table 3) were also clustered
according to GO and the most significant cluster was associated with
‘chaperone complex’ (p-value 2.09E-5, n. intersections 4) (Supp.
Table 6).
3.16. Altered striatum proteome of Gcdhki/ki rats

In order to investigate the interaction between genotype and nutri-
tional Lys intake, differential protein expressions were measured in
striatum of 6-week-old rats under ND and HLD (Fig. 13). In striatum of
Gcdhki/ki rats under ND, a total of 197 protein alterationswere identified,
of which 144 proteins resulted down-represented and 53 up-
represented in comparison to WT rats (Fig. 13A-B, for a detailed list
see Supp. Table 7). Under HLD, Gcdhki/ki rats showed an altered expres-
sion of 116 proteins, among which 84 were less abundant and 32 more
abundant inGcdhki/ki rats compared toWT rats (Fig. 13C-D, for a detailed
list see Supp. Table 8). Comparing the striatal proteome of Gcdhki/ki rats
under ND and under HLD, 43 proteins were found downregulated
(Fig. 13E) and 13 proteins up-regulated (Fig. 13F) in both conditions
(Supp. Table 9). In addition, the relative abundance of 60 proteins (41
Fig. 6. Correlation betweenMR spectroscopy of the striatum, striatal tissue and CSF. 6-week
striatum using a highmagnetic field of 9.4 T (left column). Striatal tissue was obtained after de
semi-quantitative HPLC-LS/MS after HLD (right column). Significant alterations betweenWT a
glutamine (D,E and F), creatine (G,H and I), lactate (J andK),myo-inositol (L) and inosine (M)
MannWhitney (striatum) after ANOVA twoways analysis or Kruskal Wallis and MannWhitne
groups.
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down-regulated and 19 up-regulated proteins) was found specifically
affected by HLD in the striatum of Gcdhki/ki rats, showing a cooperative
behavior between genotype and environmental status (Supp. Table 10).

Analyses of striatum of 6-week-old Gcdhki/ki rats under ND revealed
enrichment of 19 proteins involved in the GO cell component ‘gluta-
matergic synapse’ (p-value 1.09E-10) (Fig. 13G and Supp. Tables 11).
Analyses of differential proteins in striatum of 6-week-old Gcdhki/ki versus
WT rats showed ‘nervous development’ (p-value 2.83E-8, n. intersec-
tions 30) as the most significantly enriched GO biological process in
Gcdhki/ki rats under ND (Fig. 13G and Supp. Tables 11), and ‘nervous sys-
tem development’ (p-value 1.32E-4, n. intersections 27) in Gcdhki/ki rats
under HLD (Fig. 13H and Supp. Tables 12).

The cluster enrichment analysis from the 56 common abundant pro-
teins in striatum of 6-week-old Gcdhki/ki rats under ND or HLD (Supp.
Table 13) reveled ‘synapse’ (p-value 2.97E-4, n. intersections 12) and
‘cell junction’ (p-value 4.37E-4, n. intersections 13) as the most signifi-
cant clusters (Supp. Table 13).

4. Discussion

4.1. Creation of the first rat model for GA-I

In this study, we present the first rat model for GA-I, carrying the rat
sequence homologue (p.R411W) of the frequent CaucasianGCDHmuta-
tion p.R402W leading to a high excretor phenotype [48],whichwas also
observed in Gcdhki/ki rats. Western blotting showed a significantly di-
minished expression in kidney, liver and brain ofGcdhki/ki rats compared
with WT controls, suggesting that the Gcdh mutation p.R411W causes
instability and early degradation. GCDH enzymatic activity assays
showed a significant decrease of activity in heart, liver and kidney
while no significant change was observed in brain. The lack of signifi-
cant changes in brain may be explained by the low enzymatic activity
detectable in this tissue. However, taking into consideration that neither
Gcdh−/−micenorGcdhki/ki rats present spontaneousAECs underND, the
potential existence of an alternative degradation pathway for
glutaryl-CoA in rodent CNS would be an alternative explanation. The
degradation of brain metabolites associated with glutaryl-CoA catabolic
pathway are being further explored. Notably, our assay is following the
production of 3-hydroxybutyryl-CoA and recent data indicates that its
metabolism occurs at faster rates in brain tissue (data not shown).
Due to the lack of a known specific enoyl-CoA hydratase inhibitor, our
assay is limited by the fact that the direct product of GCDH reaction can-
not be monitored.

4.2. Clinical observations during HLD

As Gcdh−/− mice, Gcdhki/ki rats did not develop any spontaneous
AEC. Stimulation of toxic metabolic production by HLD induced clinical
signs of AEC like lethargy, imbalance, muscle stiffness and spasticity in
Gcdhki/ki rats. Further, a significant decrease of weight gain after 14
days explained by a concomitant decrease of daily food intake was ob-
served in Gcdhki/ki rats under HLD. In GA-I patients, periods of prolonged
fasting before AEC were described. AECs were triggered by infections or
catabolismof other origin andwere associatedwith a pro-inflammatory
state [49]. Our results are consistent with a recent multicenter study
that reported the negative impact of non-adherence to emergency
treatment on anthropometric long-term development in GA-I patients
[50]. Loss of appetite (anorexia) is frequently associated with a
-oldWT and Gcdhki/ki (KI) rats under ND or after 21 days of HLD underwent 1H-MRS of the
capitation andmetabolites analyzed by LC-MS/MS (middle column). CSF was analyzed by
nd Gcdhki/ki (KI) rats were obtained for the following metabolites: Glutamate (A, B and C),
.n=5 for each condition. X-axes showgenotypes. Data shown asmean±SD; Tukey test or
y (CSF): *p< 0.05, **p < 0.01, ***p< 0.001. $$$p < 0.001 differences between ND and HLD



Fig. 7. HE stained brain sections of WT and Gcdhki/ki (KI) rats under ND and HLD. (A) Localization of zoom images from corpus callosum (B–E), striatum (F–I) anterior commissural
nucleus (J–M) and cerebellar white matter (N–Q) are shown with boxes on a sagittal section of rat brain at magnification 20×. Spongiotic changes were observed in Gcdhki/ki (KI) rats
under ND (C, G, K and O) and HLD (E, I, M and Q). WT controls under ND are shown in B, F, J and N and under HLD in D, H, L and P. Scale bar 200 μM. Quantification of vacuoles in
corpus callosum (R), striatum (S), anterior commissural nucleus (T) and cerebellar white matter (U) of WT rats and Gcdhki/ki (KI) rats under ND and under HLD. n = 4 for each
condition. Data shown as mean ± SD; Tukey test or MannWhitney *p < 0.05, **p < 0.01.
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pro-inflammatory state. Almost all illnesses can impair appetite tempo-
rarily, but there are chronic diseases that can make loss of appetite
worse. A weight loss of 15–40% indicates a poor prognosis. The role of
interleukin induction in appetite loss has beenwell documented in can-
cer and infectious diseases and is required for optimal microglial activa-
tion [51,52]. Therefore, the decreased food intake observed in Gcdhki/ki

rats under HLDmight be the consequence of a neuroinflammatory pro-
cess shown by presence of microglial activation in our model.
15
Amino acids have been known for a long time to be the most effi-
cient type of nutrient at satisfying hunger and providing an extended
period of satiety. Moreover, different studies indicate that circulating
concentrations of certain amino acids could influence food intake. Re-
cent studies associated the Lys intake with satiety and appetite by con-
trol of ghrelin and leptin hormones in chickens [53]. In parallel,
hypothalamic glial cells named tanycytes which are known to detect
glucose in CSF, were identified to detect amino acids such as Lys and
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Fig. 8. Immunofluorescence staining for Iba1 in cerebellum. Representative images of Iba1 staining (green) in cerebellar nuclei of 6-week-oldWT rats underND (A and B),Gcdhki/ki (KI)
rats under ND (C and D), WT rats under HLD (E and F) and Gcdhki/ki (KI) rats under HLD (G and H). DAPI (4′, 6-diamidino-2-phenylindole) co-staining is shown in blue. In the left column
imageswith smallermagnification (40×, scale bar 50 μM)and in the right column imageswith highermagnification (80×, scale bar 25 μM). Iba-1-immunoreactivemicrogliawas detected
in cerebellum of Gcdhki/ki (KI) rats under ND (B) and even more pronounced under HLD showing amoeboid morphology (D). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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to send a satiety signal [54]. In rats, diet supplementation with 5% Lys
was associated with a reduction of weight gain [55]. Lysinewas also de-
scribed as a potent anorectic amino acid by inducing neuronal activity at
the vagal afferent [56]. In Gcdhki/ki rats, the increased Lys intake did not
16
affect the plasma Lys/Arg ratio. However, urinary Arg excretion was in-
creased in Gcdhki/ki rats under HLD. This may be well explained by com-
petition of Lys andArg. In rats, Arg supplementation has been associated
with a significant increase in food intake [55]. Arg is known to be a



Fig. 9. Immunofluorescence staining for GFAP and Iba1 in hippocampus. Representative images of immunostaining for GFAP (red) and Iba1 (green) in hippocampus of 6-week-oldWT
rats under ND (A), Gcdhki/ki (KI) rats under ND (B), WT rats under HLD (C) and Gcdhki/ki (KI) rats under HLD (D) (Magnification 20×, scale bar 100 μM). DAPI (4′, 6-diamidino-2-
phenylindole) co-staining is shown in blue. Gcdhki/ki (KI) rats under ND and under HLD showed signs of astrocytic activation, which are located in the same regions as microglial
activation. Scale bar 100 μM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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precursor of nitric oxide (modulator of food intake) [57] and inducer of
growth hormone release which increases weight gain [58]. In conse-
quence, increased Arg excretion inGcdhki/ki rats could affect growth hor-
mone release and explain their low weight gain under HLD.

4.3. Increased plasma ammonium concentrations in Gcdhki/ki rats

Hyperammonemia is not a predominant feature in patients with
GA-I. Gcdh−/− mice showed increased production of urea in plasma,
brain and liver, but no NH4

+ increase in plasma [59]. The urea cycle is
the final pathway for removal of excess nitrogen from the body, and
the major route in mammals for NH4

+ detoxification. The full urea
cycle is only expressed in liver [61]. In contrast to Gcdh−/− mice,
Gcdhki/ki rats presented a mild, but significant increase of NH4

+ con-
centrations in plasma independently of the diet. Besides this, high
Arg plasma concentrations were found in both genotypes under
HLD with a concomitant decrease of plasma Orn concentrations
in Gcdhki/ki rats. This constellation could indicate a potential slow-
down of the urea cycle in Gcdhki/ki rats under HLD. Recently, Lys
glutarylation has been identified as new posttranslational modifica-
tion in both, prokaryotic and eukaryotic cells. Proteins found to be
glutarylated are involved in various cellular functions, such as trans-
lation, metabolism, and exhibited diverse subcellular localizations
[62]. Tan et al. showed that carbamoyl phosphate synthetase 1
(CPS1), the rate-limiting enzyme in urea cycle, is a glutarylated pro-
tein. They demonstrated that CPS1 is targeted by SIRT5 for
17
deglutarylation and showed that glutarylation suppresses CPS1 en-
zymatic activity in cell lines and Gcdh−/− mice [63]. However, anal-
ysis of CPS1 enzymatic activity in liver did not reveal any
significant difference between Gcdhki/ki and WT rats. Arginase I was
also found to be glutarylated in liver of 6 week-old Gcdh−/− mice
[64]. Glutarylation of arginase I might thus be the mechanism
resulting in slowdown of the urea cycle, particularly in light of the
increased Arg excretion in Gcdhki/ki rats. Our observations lead
to the hypothesis that under HLD the urea cycle is inhibited in
Gcdhki/ki rats and that this might be caused by glutarylation of argi-
nase I. This observation is important for the complete understanding
of the pathophysiology in GA-I and might even indicate a new ther-
apeutic target for the treatment of GA-I.
4.4. Lysine degradation pathways in Gcdhki/ki rats

In mammals, two Lys degradation pathways are known: the
pipecolic acid and the saccharopine pathways. In the saccharopine
pathway Lys is converted via a two-step transamination reaction
into aminoadipic semialdehyde (AASA) by α-aminoadipic semialde-
hyde synthase (AASS). AASS is a bifunctional enzyme with two
independent domains, the first (lysine ketoglutarate reductase) con-
densing Lys withα- ketoglutarate to form saccharopine, and the second
(saccharopine dehydrogenase) hydrolyzing saccharopine and giving
rise to glutamate and AASA/PC6 [6,8,9].
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4.4.1. Lysine degradation in periphery of Gcdhki/ki rats
In plasma, Lys increased in both rat genotypes under HLD, while

saccharopine concentrations were significantly lower in Gcdhki/ki rats
under HLD. We further observed a significant increase of plasmatic
18
glutamate inWT rats under HLD, but not inGcdhki/ki rats. These observa-
tions indicate a potential block of the saccharopine pathway in extra-
cerebral fluids of Gcdhki/ki rats under HLD. This hypothesis was sup-
ported by a significant increase of plasmatic pipecolic acid in Gcdhki/ki
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rats under HLD. The increased levels of plasmatic pipecolic acid inGcdh-
ki/ki rats were measured as early as 24 h after start of the HLD. The ob-
served increase of aminoadipic acid (AAA) in Gcdhki/ki and WT rats
under HLD is explained by the fact that the pipecolic acid pathway con-
verges with the saccharopine pathway at the level of AASA. As men-
tioned above, protein glutarylation seems to be used as an alternative
fate for utilization of glutaryl-CoA in GA-I, leading to high levels of pro-
tein glutarylation, which can result in altered activity of important met-
abolic enzymes [63]. The enrichment analysis of glutarylated proteins
identified in liver of Gcdh−/− mice showed 11 genes involved in Lys
degradation, which all code for enzymes of the sacharopine pathway,
e.g. AASS [64]. The block of the saccharopine pathway in peripheral tis-
sues of Gcdhki/ki rats under HLD might be induced by glutarylation of
AASS. However, double knockout Gcdh−/− Aass−/− mice showed de-
creased levels of GA in urine compared to single knockout Gcdh−/−

mice [10], while Gcdhki/ki rats under HLD showed significantly increased
GA concentrations in urine compared toGcdhki/ki rats under ND. This ob-
servation does not support the hypothesis of a block of the saccharopine
pathway at the level of AASS. Glutarylation of one or more other en-
zymes of the saccharopine pathway could explain our observations.

4.4.2. Lysine degradation in CNS of Gcdhki/ki rats
In mouse brain, human astrocytes and a human neural progenitor

cell line, the AASS-mediated pathway via saccharopine is the main
route for Lys degradation. It was demonstrated that spontaneous con-
version of AASA to P6C participates in pipecolic acid formation via the
saccharopine pathway within the brain [11]. In striatum of Gcdhki/ki

rats under HLD, we observed a significant increase of pipecolic acid con-
centrations. The pipecolate pathway is not yet fully elucidated. Recently,
it was observed that pipecolic acid is not only produced by α-
deamination of Lys in peroxisomes, but can also be formed inmitochon-
dria from saccharopine after ε-deamination of Lys [11]. This mechanism
could explain the increased pipecolate concentrations observed in
Gcdhki/ki rats under HLD.
4.5. Structural alterations in Gcdhki/ki rat brain

4.5.1. Microglial activation and neuroinflammation in Gcdhki/ki rats
In Gcdhki/ki rats, we observed microglial activation in striatum, cere-

bellum, hippocampus and cortex. There is now clinical and experimen-
tal evidence that astrocytes are critical regulators of CNS inflammation
[66]. It is known that inflammation is an important component of the
cellular response to CNS damage and disease that can significantly influ-
ence the balance between tissue loss and preservation [67]. Many brain
cell types can release regulating factors of astrogliosis, including neu-
rons, microglia, oligodendrocytes and other astrocytes [67,68]. This
might be the case in Gcdhki/ki rats, where the inflammatory process
(microglial activation) seems to trigger chronic astrogliosis.

Previously, we described a significant decrease of several chemokine
concentrations in organotypic brain cell 3D aggregate cultures issued
from Gcdh−/− mice exposed to 10 mM Lys [32]. Proteomic analyses in
striatumofGcdhki/ki rats showed anupregulation of Toll-interacting pro-
tein (TOLLIP) in Gcdhki/ki rats under HLD (Suppl. Table 4). Interestingly,
TOLLIP was described as an early regulator of the acute inflammatory
response in the substantia nigra [69]. Both, in vitro and in vivo observa-
tions suggest that Lys overload might trigger acute neuroinflammation
in GA-I.
Fig. 11. OXPHOS enzymatic activities in brain.Quantitative analyses of the enzymatic activitie
Gcdhki/ki (KI) rats under ND and HLD (n = 4 for each condition). Hippocampus: complex I (A)
complex II (G), complex III (H), complex IV (I), complex V (J). X-axes show genotype, y-axes s
*p < 0.05, **p < 0.01, ***p < 0.001 after Kruskal Wallis analysis. Significant changes were on
(cytochrome c oxidase) increased (D). In striatum, the activity of complex I (NADH:ubiquinon
c reductase) and IV (cytochrome c oxidase) were decreased (H–I).
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4.5.2. Astrogliosis in Gcdhki/ki rats
Since gliosis has been observed in post mortem brains of GA-I pa-

tients [70], several studies were performed to analyze the involvement
of astrogliosis in the pathophysiology of GA-I. In addition to their multi-
ple functions in healthy CNS, astrocytes respond to brain damage or dis-
ease with astrogliosis, which is induced, regulated or modulated by a
wide variety of extracellular molecules ranging from small molecules
(e.g. purines, neurotransmitters or steroid hormones) to large polypep-
tides (e.g. growth factors, cytokines, serum proteins or neurodegenera-
tion molecules) [68]. In case of GA-I, the astrogliosis was associated to
high Lys, 3-OHGA and GA concentrations, which induced astrocytic pro-
liferation and caused oxidative stress [71]. While GCDH [72] and Lys
degradation pathways are predominantly localized in neurons, it was
demonstrated that glutarylated proteins are exclusively localized in mi-
tochondria of glial cells [64]. Immunofluorescence staining against GFAP
showed qualitative changes in Gcdhki/ki rat astrocytes, including shorter,
thicker and wavy astrocytic fibers. Astrocytic morphology in Gcdhki/ki

ratswas disturbed in the same regions inwhichwe foundmicroglial ac-
tivation (striatum, cerebellum, hippocampus and cortex), indepen-
dently of the diet. The same morphological changes were observed in
3D brain cell aggregates issued from Gcdh−/− mice [32]. Astrogliosis
was accompanied by astroglial scars in Gcdhki/ki rat brains. Astroglial
scars were described as derived almost entirely from newly proliferated
astrocytes with a densely overlapping process that forms borders to
damaged tissue and inflammation [67,73].

4.5.3. Apoptotic cell death of astrocytes and increased number of vacuoles
in Gcdhki/ki rat brain

Compared to WT rats, Gcdhki/ki rats presented a higher number of
empty vacuoles already at 6 weeks of age in several brain regions (cor-
pus callosumand fornix, commissural nucleus, cerebellum). Luxol stain-
ing showed that these vacuoles were located in myelinated structures.
Similar observations were made in white matter regions in the brain
of GA-I patients and Gcdh−/− mice [22,59,65]. The increased apoptosis
of astrocytes in the granular layer and white matter of Gcdhki/ki cerebel-
lum under ND could indicate the beginning of the formation of these
vacuoles.

4.6. Excitotoxicity and altered inhibitory neurotransmission in Gcdhki/ki rats

Disturbances of the glutamatergic and GABAergic systems have been
demonstrated in the brain of Gcdh−/−mice, indicating that excitotoxicity
may be involved in the neuropathology of GA-I [23]. However,metabolo-
mics and spectroscopy analyses in striatum of Gcdhki/ki rats did not reveal
any changes in GABA and only mild changes in Glu and Gln concentra-
tions. GO analyses of Gcdhki/ki rats showed protein changes highly associ-
ated with synapses, including pre- and post-synaptic processes in
samples from whole brain and striatum. As previously described in
Gcdh−/− mice, disturbances of glutamatergic synapses could be associ-
ated with the observed proteome changes in the striatum of Gcdhki/ki

rats under ND, as confirmed by bioinformatics characterization. Synapse
impairment was observed in postmortem brain studies of GA-I patients
and in Gcdh−/− mice that showed a reduced number of striatal medium
spiny neurons [65]. In this study,we showed a diminishedMAP2 staining
of cerebellar dendrites in the granular andmolecular layer suggesting an
impairment of glutamatergic post-synapses. These findings support the
hypothesis of impairment of excitatory and inhibitory neurotransmission
in GA-I.
s of the different OXPHOS complexes in hippocampus and striatum of 6-week-oldWT and
, complex II (B), complex III (C), complex IV (D), complex V (E). Striatum: complex I (F),
how μunits/μg protein. Data shown as mean ± SD; multiple comparisons Mann Whitney:
ly observed in Gcdhki/ki (KI) rats under ND: In hippocampus, the activity of complex IV
e oxidoreductase) was found increased (F), while activities of complexes III (cytochrome
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Fig. 12. Quantitativedifferential proteomeand functional clusterizationofGcdhki/ki ratwhole brain.Theproteome distribution ofGcdhki/ki (KI) andWT ratwhole brains at 3weeks (A)
and 6 weeks (C), was obtained in the volcano plot by plotting the log2 of protein abundance ratio (FC) between Gcdhkiki/ andWT rats (x-axis) against the statistical significance as -Log p-
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tensities expressed as NSAF quantitative parameter were reported for Gcdhki/ki (KI) and WT rats at 3 weeks (B) and 6 weeks (D). The colour code in the heat map represents the relative
protein abundance: red and blue colour means increased and decreased protein intensity, respectively, in Gcdhki/ki (KI) rats compared toWT rats. Venn diagrams of up-regulated (E) and
down-regulated (F) proteins in Gcdhki/ki (KI) whole brain proteome showed 41 more abundant and 15 less abundant proteins in common between 3-week-old and 6-week-old Gcdhki/ki

(KI) rats under ND. The functional clusterization of the dysregulated proteins in thewhole brain of Gcdhki/ki rats at 3 weeks (G) and 6weeks (H) under NDwas performed according to HP
(Human Phenotype Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes), Gene Ontology (GO), CC (Cellular Component), GO BP (Biological Process), GO MF (Molecular Func-
tion), and React (Reactome) databases using the g: Profiler software. Enriched pathways (y-axis) were listed according to enriched values, expressed as number of involved proteins (n.
intersections) (x-axis) from the Gcdhki/ki proteome datasets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.7. Changes of brain metabolism in Gcdhki/ki rats

4.7.1. Intracerebral depletion of free carnitine in Gcdhki/ki rats
Our results showed increased GA and 3-OHGA concentrations in

striatum, but not in CSF of Gcdhki/ki rats under HLD. This let us suppose
that these metabolites stay accumulated in the intracellular compart-
ment of the striatum of Gcdhki/ki rats under metabolic stress. Interest-
ingly, C0 concentrations were only found decreased in striatal tissue
and urine (and not in plasma or CSF) with a concomitant increase of
C5DC concentrations. Thus, C0 seems to be exhausted by intracellular
detoxification of GA and 3-OHGA without any visible C0 deficiency in
the periphery. This observation supports the use of carnitine supple-
mentation in the treatment of GA-I patients [74].
21
4.7.2. Intracerebral trapping of toxic metabolites in Gcdhki/ki rats
While in periphery the accumulating Lys under HLD is eliminated by

urine, the observed Lys increase in the striatum does not result in an in-
creased Lys concentration in the CSF. Thus, Lys, GA and 3OHGA seem to
be trapped intracellularly in the striatum, which could be the trigger for
the different observed destructive mechanisms. Cerebral accumulation
and entrapment of dicarboxylic acids have been described to be the con-
sequence of low capacity for export of these metabolites across the
blood-brain barrier [1,75,76]. The removal of soluble waste from the
brain occurs via various overlapping clearance systems, which can be
classified according to the compartment from and into which the
waste is directly cleared. Protein and various metabolic wastes can be
cleared from the intracellular and extracellular (interstitial and
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and React (Reactome) databases using the g: Profiler software. Enriched pathways (y-axis) were listed according to enriched values, expressed as number of involved proteins (n.
intersections) (x-axis) from the Gcdhki/ki proteome datasets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cerebrospinal fluids) compartments. These proteins or metabolites can
then be removed by enzymatic degradation or cellular uptake, exported
into the blood or lymph, or recirculated in the CSF [54,77,78]. Clearance
systems are poorly studied in the brain and could be an important area
for future research in GA-I pathology. The existingways for waste clear-
ance in brainmight be suitable therapeutic targets in GA-I and other dis-
eases with enzymatic blocks that lead to cerebral accumulation of toxic
substances.

4.7.3. Imbalance of intra- and extracellular creatine concentrations and
osmotic stress in Gcdhki/ki rats under HLD

Apart of its well-known function in energy metabolism for
ATP regeneration through the creatine/phosphocreatine/creatine ki-
nase system, creatine has many functions in the brain. It is one of the
main CNS osmolites and was found to act as antioxidant and
22
probably also as neurotransmitter. Under HLD, creatine concentra-
tions in CSF of Gcdhki/ki rats were significantly lower than in WT
rats. In contrast, creatine concentrations measured in brain tissue
of striatum were found to be higher in Gcdhki/ki rats compared to
WT rats under HLD. This indicates that under HLD creatine was
retained intracellularly in striatum of Gcdhki/ki rats, where it might
serve for energy supply or as antioxidant. As creatine has an impor-
tant osmotic action, intracellular creatine trapping in striatum of
Gcdhki/ki rats might lead to imbalances of cell volume homeostasis
and osmotic stress. A decrease of myo-inositol in brain 1H-MRS has
recently been identified as an early sign of osmotic stress in an ani-
mal model for type C hepatic encephalopathy [35]. We observed a
decrease of myo-inositol in striatum of 6-week-old Gcdhki/ki rats
under HLD by 1H-MRS. This observation further supports the hy-
pothesis of osmotic stress in brain of Gcdhki/ki rats under HLD.
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4.7.4. Intracerebral NH4
+ accumulation in Gcdhki/ki rats

We previously showed a significant increase of NH4
+ concentrations

in culture media of 3D organotypicWT brain cell aggregates exposed to
GA and 3-OHGA as well as in 3D organotypic brain cell cultures derived
from Gcdh−/− mice exposed to 10 mM Lys [32,60]. MR spectroscopy of
striatum showed a significant decrease of Gln concentrations inGcdhki/ki

rats under ND with a tendency to decrease in striatal tissue under
the same condition. In parallel, we found a significant downregulation
of glutamine synthetase by proteomics analyses in whole brains of
Gcdhki/ki rats under ND. Glutamine synthetase is expressed in astrocytes
and plays a central role in the metabolic regulation of the neurotrans-
mitter glutamate and the detoxification of brain NH4

+ [79]. Apoptotic
cell death of astrocytes might lead to the observed downregulation
of glutamine synthetase, in turn provoking intracerebral accumulation
of NH4

+. These results together with our previous observations point
to the hypothesis that intracerebral NH4

+ accumulation plays a crucial
role in the neuropathogenesis of GA-I. Better methods need to be de-
veloped for measurements of NH4

+ concentrations in brain tissues of
Gcdhki/ki rats.

4.8. Impaired OXPHOS activities in Gcdhki/ki rat brain

Disturbedmitochondrial function has been associated to brain injury
in GA-I [80,81]. Several studies in Gcdh−/− mice showed different bio-
energetics dysfunctions as depletion of ATP, phosphocreatine, coen-
zyme A and decrease of citric acid cycle activities [24,59,82–84]. Our
analyses of the respiratory chain in brain of Gcdhki/ki rats under ND did
not only reveal changes in striatum as previously described in other
GA-Imodels, but also in hippocampus. In striatum,we observed an inhi-
bition of complex IV as described in Gcdh−/− mice after intrastriatal in-
jection with quinolinic acid [82] and in patients [85]. Proteomics
analyses in striatum of Gcdhki/ki rats under ND supported this result
with a significant downregulation of cytochrome c oxidase subunit 4
isoform 1 (Cox4i1) and cytochrome c oxidase subunit 6c-2 (Cox6c2).
Complexes I and III also showed a decreased enzymatic activity in stria-
tum of Gcdhki/ki rats under ND. Both findings could be correlated with
proteomics findings. For complex I, NADH dehydrogenase [ubiquinone]
iron‑sulfur protein 4 (Ndufs4) and NADH dehydrogenase [ubiquinone]
iron‑sulfur protein 6 (Ndufs6) were observed downregulated in
Gcdhki/ki rats under ND. For complex III, cytochrome b-c1 complex sub-
unit 8 (Uqcrq) was observed downregulated in brain of Gcdhki/ki rats
under ND. Oxidative stress in hippocampus of GA-I patients or animal
models has never been described before. However, in hippocampus of
Gcdhki/ki rats under ND, we observed a significant increase of the enzy-
matic activity of complex IV. This findingmight be important in relation
to the described learning disabilities in GA-I patients [16].

4.8.1. Advantages of the Gcdhki/ki rat model
As Gcdh−/− mice, our new rat model for GA-I recapitulates most of

the biochemical and clinical features observed in patients with GA-I.
In comparison to Gcdh−/− mice, our rat model has significant advan-
tages: It carries themost frequentmutation of the Caucasian population,
which allows therapeutic studies for the use of small molecules (e.g.
chaperones) to restore enzymatic activities, which might thus open
new therapeutic perspectives. Particularly for diseases affecting the
brain, rat models have several advantages compared to mouse models:
Rats have larger brains (relevant for imaging) and a higher CSF volume
(important for the number of possible measurements). Rat metabolism
is closer to human and a wider range of behavioral tests have been
established and validated in rats [86].

5. Conclusions

We successfully created the first rat model for GA-I carrying the
most frequent point mutation of the Caucasian population. This
knock-in rat model is viable, reproductive and has a high excretor
23
phenotype. AsGcdh−/−mice,Gcdhki/ki rats do not present any spontane-
ous AEC, but metabolic stress can be triggered by HLD. Lys overload by
HLD led to interesting observations on Lys degradation pathways in pe-
riphery and brain of Gcdhki/ki rats. We confirmed several known aspects
and uncovered additional relevant features of (neuro-) pathogenesis in
GA-I.

We found further evidence for the hypothesis that cerebral NH4
+ ac-

cumulationmight play a crucial role in brain damage of GA-I patients: It
seems that intracellular trapping of toxicmetabolites, excitotoxicity and
energy failuremight triggermicroglial activation, which leads to neuro-
inflammation and astrogliosis. This might result in apoptotic cell death
of astrocytes that becomes microscopically visible in form of brain vac-
uoles. Astrocytic loss could then lead to downregulation of glutamine
synthetase which might be the key mechanism resulting in diminished
Gln concentrations and cerebral NH4

+ accumulation.
We conclude that our rat model for GA-I is a suitable model not only

for the study of different aspect of the disease-specific pathophysiology,
but also for the development of new therapeutic strategies in GA-I as
well as the study of lysine degradation pathways in brain and periphery.
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