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Abstract
Glutaric acidemia type I (GA- I) is an inborn error of metabolism of lysine, hydrox-
ylysine, and tryptophan, caused by glutaryl- CoA- dehydrogenase (GCDH) deficiency, 
characterized by the buildup of toxic organic acids predominantly in the brain. After 
acute catabolic states, patients usually develop striatal degeneration, but the mecha-
nisms behind this damage are still unknown. Quinolinic acid (QA), a metabolite of the 
kynurenine pathway, increases especially during infections/inflammatory processes, 
and could act synergically with organic acids, contributing to the neurological fea-
tures of GA- I. The aim of this study was to investigate whether QA increases seizure 
susceptibility and modifies brain oscillation patterns in an animal model of GA- I, the 
Gcdh−/− mice taking high- lysine diet (Gcdh−/−- Lys). Therefore, the characteristics of 
QA- induced seizures and changes in brain oscillatory patterns were evaluated by 
video- electroencephalography (EEG) analysis recorded in Gcdh−/−- Lys, Gcdh+/+- Lys, 
and Gcdh−/−- N (normal diet) animals. We found that the number of seizures per ani-
mal was similar for all groups receiving QA, Gcdh−/−- Lys- QA, Gcdh+/+- Lys- QA, and 
Gcdh−/−- N- QA. However, severe seizures were observed in the majority of Gcdh−/−- 
Lys- QA mice (82%), and only in 25% of Gcdh+/+- Lys- QA and 44% of Gcdh−/−- N- QA 
mice. All Gcdh−/−- Lys animals developed spontaneous recurrent seizures (SRS), but 
Gcdh−/−- Lys- QA animals had increased number of SRS, higher mortality rate, and sig-
nificant predominance of lower frequency oscillations on EEG. Our results suggest 
that QA plays an important role in the neurological features of GA- I, as Gcdh−/−- Lys 
mice exhibit increased susceptibility to intrastriatal QA- induced seizures and long- 
term changes in brain oscillations.
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1  | INTRODUC TION

Glutaric acidemia type I (GA- I) is an intoxicating inborn error of 
amino acid metabolism, caused by the deficiency of glutaryl- CoA- 
dehydrogenase (GCDH) (Koeller et al., 2002). This mitochondrial 
enzyme participates in lysine, hydroxylysine, and tryptophan ca-
tabolism. GCDH activity deficiency leads to a buildup of organic 
acids, such as glutaric, 3- hydroxyglutaric, and glutaconic acids, 
and glutarylcarnitine in body fluids and tissues, chiefly in the brain 
(Kölker et al., 2011). Patients with GA- I present mainly neurologi-
cal signs and symptoms, including frontotemporal atrophy, striatal 
degeneration, progressive dystonia, intellectual impairment, and 
epilepsy as consequences of acute catabolic states usually trig-
gered by infections and leading to episodes of acute encephalopa-
thy (Goodman, 2004; Lindner et al., 2004; Wajner, 2019), during 
which the striatum appears to be particularly vulnerable (Amaral 
et al., 2019; Wajner, 2019). Early diagnosis and treatment based 
on a low- lysine diet are essential for good neurological outcome. 
However, early diagnosis can be complicated by the nonspecificity 
of organic acidemias’ symptomatology and poor adherence to ther-
apy can worsen the prognosis (Boy et al., 2021; Wajner, 2019).

Koeller et al. (2002) developed a murine model of GA- I, knock-
ing out the Gcdh gene (Gcdh−/−). Gcdh−/− mice were able to replicate 
the genotype of patients with GA- I, but they lacked some of the 
main neurological findings of this disease, such as striatal damage 
(Koeller et al., 2002). This model was further improved by Zinnanti 
et al. (2006). With high- lysine diet intake, this murine model (Gcdh−/−- 
Lys) was able to exhibit many of the common neurological charac-
teristics of GA- I in humans, such as striatal damage, neuronal loss, 
and spontaneous recurrent seizures (SRS) (Vendramin Pasquetti 
et al., 2017; Zinnanti et al., 2006), being reliable for GA- I neuropa-
thology studies (Zinnanti et al., 2006).

Since the first report of GCDH deficiency in humans (Goodman 
et al., 1975), many hypotheses have been postulated to explain the 
neuropathology of this disease. One of them pinpoints the buildup 
of quinolinic acid (QA), a metabolite from the kynurenine pathway, 
the main tryptophan catabolic pathway, in the brain (Heyes, 1987). 
It has been hypothesized that, during infections, the kynurenine 
pathway is activated, leading to increased QA concentrations in the 
brain and subsequently to neurodegeneration in GA- I (Varadkar 
& Surtees, 2004). QA is known to induce excitotoxicity by acting 
as an N- methyl- d- aspartate (NMDA) receptor agonist (La Cruz 
et al., 2012), decreasing GABA synthesis and acting synergically 
with organic acids that accumulate in fluids and tissues of patients 
with GA- I (Colín- González et al., 2015), causing striatal damage and 
seizures (Pierozan et al., 2014). Indeed, seizures are commonly ob-
served in patients with GA- I, mainly during episodes of acute en-
cephalopathy (Cerisola et al., 2009; McClelland et al., 2009). Cohort 
studies show that more than half of patients with GA- I have seizures 
at early stages (Sitta et al., 2021), which are frequently refractory to 
available antiepileptic drugs (McClelland et al., 2009).

Qualitative and quantitative analyses of electroencephalogram 
(EEG) previously published by our group showed that Gcdh−/−- Lys 

mice have increased the power of delta and decreased the power of 
theta and gamma oscillations in the cortex and develop SRS 4 days 
after high- lysine diet intake (Vendramin Pasquetti et al., 2017). 
Patients with GA- I also show EEG with bursts of high- amplitude 
and fast activity and periods of slow background activity (Stigsby 
et al., 1994; Yalnizoğlu et al., 2005). In addition, EEG analyses have 
shown that QA induced seizures and increments of power of low- 
frequency oscillations in other experimental models. Thus, these 
EEG analyses in Gcdh−/−- Lys mice after intracerebral QA administra-
tion can bring new information concerning QA effects on GA- I neu-
ropathology, as patterns of brain oscillations reflect the activity of 
distinct neuronal networks and behavioral states and modify in neu-
rological conditions (Buzsáki, 2006). Therefore, here we performed 
an in vivo electrophysiological analysis to evaluate brain oscillation 
patterns and seizure activity in Gcdh−/−- Lys mice receiving intrastri-
atal QA injection to investigate the role of QA in the neurological 
features in GA- I.

2  | MATERIAL AND METHODS

2.1 | Animals

Male and female Gcdh+/+ and Gcdh−/− mice on a 1295vEv background 
(28– 34 days old) were obtained from HCPA Animal Facility. Animals 
were housed in 22 × 37 × 18 cm acrylic glass cages (up to five ani-
mals per cage before surgery and one per cage after surgery) in an 
acclimatized room (22– 26℃) with a 12- hr light/dark cycle. The study 
design and procedures were reported according to the Animals in 
Research: Reporting of in Vivo Experiments (ARRIVE) guidelines 
(Percie du Sert et al., 2020). Animals had free access to water and 
either a standard (“normal”; 20% protein, 0.9% lysine) or high lysine 
(20% protein, 4.7% lysine) diet. At postnatal day 28 (P28), all animals 
underwent subdural electrode and intrastriatal cannulae implanta-
tion (38 males and 28 females). All animals received a normal diet 
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Glutaric acidemia type I (GA- I) is an inborn error of metab-
olism characterized by a systemic buildup of organic acids, 
mainly in the brain. Although activation of kynurenine 
pathway during acute infections/inflammatory processes 
increases the metabolite quinolinic acid (QA) in the brain 
in GA- I, mechanisms behind neurological damage after 
acute catabolic states in GA- I are still unknown. Here, we 
showed increased seizure susceptibility, changes in cortical 
oscillation patterns, and increased mortality rate in animal 
model of GA- I following QA intrastriatal injection, empha-
sizing the crucial role of QA in the neurological features 
in GA- I, particularly in the ictogenesis during infection- 
induced acute encephalopathy.



994  |     BARBIERI CAUS Et Al.

up to P29. At P30, they were divided into groups according to the 
diet received: Gcdh+/+- Lys (Gcdh+/+ mice receiving high- lysine diet, 
n = 14 males and 12 females); Gcdh−/−- Lys (Gcdh−/− mice receiv-
ing high- lysine diet; n = 12 males and 10 females); and Gcdh−/−- N 
(Gcdh−/− mice receiving normal diet; n = 12 males and 6 females). At 
P32, they were further divided into six groups according to intras-
triatal injection: Gcdh+/+- Lys- V (Gcdh+/+- Lys mice receiving vehicle; 
n = 8 males and 4 females); Gcdh+/+- Lys- QA (Gcdh+/+- Lys mice re-
ceiving QA; n = 6 males and 8 females); Gcdh−/−- Lys- V (Gcdh−/−- Lys 
mice receiving vehicle; n = 7 males and 2 females); Gcdh−/−- Lys- QA 
(Gcdh−/−- Lys mice receiving QA; n = 5 males and 8 females); Gcdh−/−- 
N- V (Gcdh−/−- N mice receiving vehicle; n = 5 males and 4 females); 
and Gcdh−/−- N- QA (Gcdh−/−- N mice receiving QA; n = 7 males and 2 
females).

Randomization of both diet and intrastriatal injection was 
achieved by assigning a numeric code for each mouse. These codes 
were then randomly allocated at P30 for each diet (normal or high 
lysine) and, at P32, for each treatment (vehicle or QA). A slight de-
gree of planning was needed only to assure that at least one mouse 
in each litter used was assigned to each group. The same numeric 
codes enabled blinded analyses, as the experimenter was unfamiliar 
with which codes were allocated for each group.

No relevant differences to our analyses regarding sex were 
found, therefore male and female mice were assembled together in-
side every group (Table S1).

2.2 | Electrodes and cannulae implantation

Mice at postnatal day 28 (P28) were anesthetized with 
ketamine:xylazine (80– 120 mg/kg: 10– 16 mg/kg, i.p.) for electrode 
and cannulae implantation (38 males and 28 females). Two record-
ing stainless steel subdural electrodes were bilaterally implanted in 
the parietal cortex (−2.0 mm AP from the bregma and ±1.2 mm LL) 
(Paxinos & Franklin, 2001). The reference electrode and one screw 
for fixation were placed in the occipital bone. Two intrastriatal can-
nulae were implanted bilaterally (0 mm AP from the bregma, 2.5 mm 
DV, ±2.5 mm LL) (Paxinos & Franklin, 2001) for posterior injection 
of either quinolinic acid (QA) or vehicle (V). Dental cement was used 
to secure the electrodes and cannulae in place. After surgery, each 
animal was placed individually in an acrylic glass cage for recovery.

2.3 | Video- EEG recordings

At P30, each animal taking the normal diet had its home cage trans-
ferred to an observation box, where the electrodes were connected 
to an amplifier (MAP- 32, Plexon, Inc.) and the baseline video- EEG re-
cording was performed for a 20- min period. Afterward, the animals 
were divided according to the diet intake as explained in detail above. 
At P32, each animal received, through the intrastriatal cannulae, 1 μl 
injection of either vehicle (saline, NaCl 0.9%) or 50 mM QA solution 
(50 nmol; 4.55 nmol/g) dissolved in saline. A 10- μl Gastight® syringe 

(Hamilton Company) was used to measure the volumes injected 
and to slowly diffuse the solutions through the cannulae into the 
striatum of both hemispheres. After the administration, the syringe 
was left in place for an additional 30- s period and then slowly with-
drawn. The dose of QA used was based on previous studies (Amaral 
et al., 2018; Seminotti et al., 2016). According to the treatment and 
the diet received, the animals were divided into six final groups as 
follows: Gcdh+/+- Lys- V group, Gcdh+/+- Lys- QA group, Gcdh−/−- Lys- V 
group, Gcdh−/−- Lys- QA group, Gcdh−/−- N- V group; and Gcdh−/−- N- QA 
group. As the high- lysine diet does not induce changes in electro-
physiological parameters for Gcdh+/+ mice (Vendramin Pasquetti 
et al., 2017), no Gcdh+/+- N groups were considered for comparison.

Immediately after the injection, a 1- hr period of video- EEG re-
cording was performed for each animal, to evaluate the suscepti-
bility to QA- induced seizures. Latency, duration, and severity of 
seizures were evaluated by revising the videos and analyzing the 
EEG recordings. Seizure severity was scored according to the Racine 
scale (Racine, 1972) and further grouped according to behavioral 
and electroencephalographic features as stage II- III seizures or stage 
IV- V seizures. Ictal EEG activity with predominant frequency slower 
than 10 Hz and amplitude of 1.5 mV or smaller that may or may not 
be associated with behavioral manifestations was classified as an 
absence- like seizure (see Figure 1g for representative traces from 
all severity categories considered). At P34, a 1- hr period of video- 
EEG was further recorded to confirm whether Gcdh−/−- Lys mice 
were able to present SRS as described before (Vendramin Pasquetti 
et al., 2017) and to evaluate the possible long- term effects of QA 
injection on brain oscillations.

Sample sizes vary between experiments because of exclusion 
due to quality of EEG recordings and loss of animals during experi-
ments (i.e., death due to QA injection). The final sample size (at P34) 
is as follows: Gcdh+/+- Lys- V, n = 8 males and 4 females; Gcdh+/+- 
Lys- QA, n = 4 males and 7 females; Gcdh−/−- N- V, n = 5 males and 4 
females; Gcdh−/−- N- QA, n = 6 males and 2 females; Gcdh−/−- Lys- V, 
n = 6 males and 2 females; and Gcdh−/−- Lys- QA, n = 4 males and 4 
females. Accurate sample sizes for each experiment are specified at 
Tables S2 and S3.

2.4 | EEG analysis

The qualitative EEG analysis was carried out using the pClamp 10.3 
software (Molecular Devices) to identify the QA- induced seizures 
right after injection in all animals tested and the occurrence of SRS 
in Gcdh−/−- Lys mice. The detailed quantitative analysis of power fre-
quencies of EEG recordings was carried out using built- in routines 
in MATLAB software (Mathworks Inc.). EEG signals were filtered at 
0.1– 500 Hz followed by digitalization at 1 kHz for posterior analy-
sis. Power spectral density (PSD) analysis was carried out using the 
pwelch function using 4- s Hamming window with 50% overlap (Signal 
Processing Toolbox). The time– frequency decomposition of all EEG 
recordings was performed using the spectrogram function that uses 
a Fourier transform. The decomposed signal was quantified in five 
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frequency bands: delta (1– 4 Hz), theta (4– 12 Hz), slow gamma (30– 
50 Hz), middle gamma (50– 90 Hz), and fast gamma (90– 150 Hz).

The analysis was performed in two 20- s epochs from baseline 
recordings (P30) and four 30- s epochs from recordings obtained 
immediately after the injection (P32) and 4 days after the base-
line recordings (P34). Those epochs were chosen, according to the 

video observation, from moments where the mice were not mov-
ing, in order to prevent muscular artifacts on the EEG recordings. 
The four epochs from EEG recordings taking place immediately 
after the injection were also chosen after dividing the EEG record-
ings into four 15- min periods. This strategy was chosen in order to 
detect the progression of EEG alterations induced by QA injection 
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during P32 at 0, 15, 30, and 45 min after the injection, identified 
in the text by P32/0, P32/15, P32/30, and P32/45, respectively. 
All epochs were chosen at least 3 min away from electroencepha-
lographic and behavioral seizures. Normalization of quantification 
values was carried out by dividing the mean power of each fre-
quency band from P32 or P34 epochs by the mean power of all 
frequency bands in baseline (P30) epochs, which yields a power 
ratio. Quantitative analyses were also averaged between the two 
electrodes implanted in each animal.

The EEG left index was calculated as the logarithm of the ratio 
between the power of the lower frequencies (1– 7.4 Hz) and the 
higher frequencies (13.5– 26.5 Hz). Based on values stated by Vogels 
et al. (1997), normal rats have a left index of approximately 0.6, while 
left index values of 0.8 or above were considered abnormal. Higher 
left index values indicate a left shift of the EEG, meaning the pre-
dominance of lower frequencies (Bosman et al., 1990), and are indic-
ative of encephalopathy or coma.

The EEG theta/delta ratio was calculated as the power density 
ratio between theta and delta oscillations in the epochs considered 
for EEG quantitative analysis. This ratio can be used as an index of 
cerebral activity (Masuki & Nose, 2009), with lower theta/delta ratio 
values indicating predominance of delta oscillation power and de-
creased cerebral activity.

2.5 | Cannulae identification

At the end of the experiments, each animal was euthanized by 
cervical dislocation and, using a 10- μl Gastight® syringe (Hamilton 
Company), 1 μl of methylene blue dye was slowly diffused through 
the cannulae. The brains were removed, left overnight in 4% para-
formaldehyde solution, and then stored in 30% sucrose solution at 
low temperature. Coronal brain slices (60 μm thick) were cut in a cry-
ostat (CM1850, Leica), stained with hematoxylin- eosin and mounted 
in slides. The position of the cannulae implanted was confirmed 
by light microscopy, according to methylene blue dye location. 

Figure 1a shows a brain slice, with methylene blue dye evident in the 
site of cannulae implantation for intrastriatal QA injection.

2.6 | Statistical analysis

In order to be able to estimate a difference between six groups of 
animals through the in vivo electrophysiological analysis, consider-
ing a standard deviation of 25%, with an α of 0.05 and estimated 
statistical power of 0.8, we calculated that a minimum of six animals 
per group with a real statistical power of 81%. Considering the 10% 
loss due to anesthesia and 10% loss of electrodes/cannulae implan-
tation, the minimum sample size needed was eight animals per group. 
Sample size calculation was performed using Minitab 17® software.

The normality of data was evaluated using the Shapiro– Wilk test, 
and statistical tests and data presentation manner were then chosen 
accordingly. Outliers were defined as data above or below two times 
the standard deviation calculated, being then removed from further 
analysis if reaching this threshold.

The effect of QA on seizure induction, seizure severity, SRS, and 
mortality rate were expressed as percentage and analyzed using 
Chi- square test. The number of QA- induced seizures, seizure la-
tency, severity, and duration according to severity were expressed 
as median ± interquartile range and analyzed using Kruskal– Wallis 
test. The number of SRS was expressed as mean ± SD and analyzed 
using one- way ANOVA and unpaired t test. Survival curves for la-
tency for the first QA- induced seizure and mortality rate were an-
alyzed using the log- rank (Mantel– Cox) test. Data from EEG PSD 
analysis and theta/delta ratio were expressed as median ± inter-
quartile range and analyzed using Scheirer– Ray– Hare extension of 
the Kruskal– Wallis test followed by Bonferroni's post hoc test and 
Friedman's two- way analysis of variance. Data from the left index 
was expressed as mean ± SD and analyzed using two- way ANOVA 
followed by Bonferroni's post hoc test and Friedman's two- way anal-
ysis of variance. Statistically significant differences were considered 
if p < 0.05.

F I G U R E  1   Increased susceptibility to quinolinic acid (QA)- induced seizures in Gcdh−/−- Lys mice. (a) Coronal brain slice evidencing the 
site of cannula implantation (arrow) in the striatum. Scale bar = 500 µm. (b) Percentage of animals with seizures (Sz) following injection of 
either vehicle (V) or QA. All Gcdh+/+- Lys- QA (n = 12), Gcdh−/−- Lys- QA (n = 13), and Gcdh−/−- N- QA (n = 9) mice had QA- induced Sz, whereas 
Gcdh+/+- Lys- V (n = 12), Gcdh−/−- Lys- V (n = 9), or Gcdh−/−- N- V (n = 9) mice had no induced Sz (p < 0.001). (c) Scatterplots of the number of 
QA- induced Sz/animal/group during 1- hr electroencephalogram (EEG) recordings after intrastriatal QA injection. The number of Sz was 
similar for all groups (Gcdh−/−- Lys- QA: 28 ± 24; Gcdh+/+- Lys- QA: 21 ± 15; Gcdh−/−- N- QA: 26 ± 7; p = 0.21). (d) Bar plots of percentage of 
II- III, IV- V, and absence- like Sz for each QA- injected group. Gcdh+/+- Lys- QA animals developed more II- III stage Sz (93%: 267/287) than 
other groups (Gcdh−/−- N- QA: 77%: 170/222; Gcdh−/−- Lys- QA: 82%: 318/388). Gcdh−/−- N- QA animals developed more absence- like Sz (17%: 
37/222) than other groups (Gcdh+/+- Lys- QA: 5%: 14/287; Gcdh−/−- Lys- QA: 10%: 40/388). Gcdh−/−- Lys- QA animals developed more IV– V 
stage Sz (8%: 30/388) than other groups (Gcdh+/+- Lys- QA: 2%: 6/287; Gcdh−/−- N- QA: 6%: 15/222) (p = 0.02). (e) Bar plots of the percentage 
of animals from each group with II– III, IV– V, and absence- like Sz. A higher percentage of Gcdh−/−- Lys- QA mice presented IV– V Sz (Gcdh−/−- 
Lys- QA: 9/11 animals, 82%; Gcdh+/+- Lys- QA: 3/12 animals, 25%; Gcdh−/−- N- QA: 4/9 animals, 44%; p < 0.001). All animals from Gcdh−/−- 
N- QA mice developed absence- like Sz, while not all mice from the other groups had absence- like Sz (Gcdh−/−- Lys- QA: 7/11 animals, 58%; 
Gcdh+/+- Lys- QA: 5/12 animals, 42%; p < 0.001). (f) Percentage of Gcdh−/−- Lys mice with spontaneous recurrent seizures (SRS) at P34. There 
was no difference in the number of animals from each group presenting SRS (Gcdh−/−- Lys- QA: 8/9 mice, 89%; Gcdh−/−- Lys- V: 7/8 mice, 87%; 
p = 0.92). Inset: Scatterplots of number of SRS at P34/group. Gcdh−/−- Lys- QA mice developed more SRS than Gcdh−/−- N- QA mice (Gcdh−/−- 
Lys- QA: 5 ± 4 Sz/animal; Gcdh−/−- Lys- V: 1 ± 1 Sz/animal; p = 0.01). (g) Representative EEG traces of QA- induced Sz (II– III, IV– V, and absence- 
like) at P32. Data are shown as median ± interquartile range
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3  | RESULTS

3.1 | Gcdh−/−- Lys mice exhibited increased 
susceptibility to QA- induced seizures and  
mortality rate

We observed that QA was able to induce seizures in all QA- injected 
mice, while V- injected mice had no induced seizures (Figure 1b). 
Two mice from each Gcdh+/+- Lys- QA and Gcdh−/−- Lys- QA group 
presented status epilepticus (SE), defined as continuous stage IV– V 
seizures of 5 min or more without returning to less severe stages 
(Trinka et al., 2015), probably caused by QA injection itself.

We also compared the number, severity, duration, and latency of 
QA- induced seizures between QA groups. The number of seizures 
per animal was similar (Figure 1c). However, Gcdh+/+- Lys- QA animals 
developed more II– III stage seizures, Gcdh−/−- N- QA animals devel-
oped more absence- like seizures, and Gcdh−/−- Lys- QA animals devel-
oped more IV– V stage seizures than other groups (Figure 1d).

While animals of all groups developed II– III stage seizures, the 
percentage of Gcdh−/−- Lys- QA animals with IV– V stage seizures 
was higher than in the other groups (Figure 1e). All Gcdh−/−- N- QA 
animals, but not all Gcdh−/−- Lys- QA and Gcdh+/+- Lys- QA animals, 
developed absence- like seizures (Figure 1e). Figure 1g shows repre-
sentative EEG traces for all seizure types according to severity stage 
for each group.

At P34, Gcdh−/−- Lys, but not Gcdh−/−- N mice, developed SRS 
(Figure 1f). While no difference was found in the number of mice 
with SRS (Figure 1f), the number of SRS per animal was higher in 
Gcdh−/−- Lys- QA group (Figure 1f inset).

No differences in latency for the first QA- induced seizure were 
found between groups (Figure 2a).

Gcdh−/−- N- QA mice had longer seizures than the other groups 
(Figure 2b). Gcdh−/−- Lys- QA animals had shorter duration of II– II 
stage seizures than the other groups (Figure 2c). However, this dif-
ference of only about 1 s is not relevant and is hereby not consid-
ered. No differences between groups were observed for duration of 
IV- V stages or absence- like seizures (Figure 2d,e, respectively).

Finally, the mortality rate of Gcdh−/−- Lys- QA mice was higher 
than all other groups (Figure 2f). Two Gcdh+/+- Lys- QA and one 

Gcdh−/−- N- QA mice died right after QA injection, most likely due to 
QA injection itself (Figure 2g, black arrow).

Taken together, our data indicate that Gcdh−/−- Lys mice had 
increased susceptibility to QA, as they presented more seizures 
of higher severity stages following injection and, at long term,  
increased number of SRS at P34.

3.2 | QA- induced changes in brain oscillations

No differences were found for power of delta between groups 
(P32/0: F2,47 = 0.71, p = 0.50; P32/15: F2,47 = 0.795, p = 0.46; 
P32/30: F2,47 = 0.104, p = 0.90; P32/45: F2,47 = 0.192, p = 0.83; P34: 
F2,40 = 1.93, p = 0.16; Figure 3a– e, Table S2). Conversely, QA groups 
displayed lower theta power than V groups at P32/0 (F1,47 = 32.13, 
p < 0.05), P32/15 (F1,47 = 37.67, p < 0.05), and P32/30 (F1,47 = 31.79, 
p < 0.05; Figure 3a– e, Table S2), while no differences were found at 
P32/45 (F2,47 = 0.413, p = 0.66) and P34 (F2,40 = 0.503, p = 0.61).

Similar to theta, QA groups presented lower power of slow 
gamma at P32/0 (F1,47 = 25.35, p < 0.05), P32/15 (F1,47 = 43.12, 
p < 0.05), and P32/30 (F1,47 = 33.17, p < 0.05; Figure 4a– e, 
Table S2) than V groups. No differences were found at P32/45 
(F2,47 = 0.60, p = 0.55) or P34 (F2,40 = 0.33, p = 0.72). No dif-
ferences were found in the power of middle gamma (P32/0: 
F2,47 = 0.46, p = 0.63; P32/15: F2,47 = 0.04, p = 0.96; P32/30: 
F2,47 = 0.68, p = 0.51; P32/45: F2,47 = 0.80, p = 0.46; P34: 
F2,40 = 1.135, p = 0.33; Figure 4, Table S2) and fast gamma 
(P32/0: F2,47 = 0.64, p = 0.53; P32/15: F2,47 = 0.17, p = 0.84; 
P32/30: F2,47 = 1.52, p = 0.23; P32/45: F2,47 = 1.91, p = 0.16; P34: 
F2,40 = 1.125, p = 0.34; Figure 4, Table S2).

Over time, all QA- injected groups and Gcdh−/−- N- V had increased 
power of delta oscillation at P34 when compared to P32/0. Delta 
power also increased at P34 in Gcdh−/−- Lys- QA and Gcdh+/+- Lys- QA 
groups when compared to P32/15. No differences were found for 
Gcdh−/−- Lys- V and Gcdh+/+- Lys- V animals (Figure S1a).

The power of theta oscillation increased in all groups, except 
Gcdh−/−- Lys- V, at P34 over P32/0, and in all QA groups over P32/15. 
In Gcdh+/+- Lys- QA, Gcdh−/−- N- QA, Gcdh+/+- Lys- V, and Gcdh−/−- N- V 
animals, theta power increased at P32/45 when compared to P32/0. 

F I G U R E  2   Differences in seizure latency and duration and mortality profile between groups following quinolinic acid intrastriatal 
injection. (a) Latency for the first quinolinic acid (QA)- induced seizure. No differences in latency for the first induced seizure were found 
between groups (Gcdh−/−- Lys- QA: 4 ± 4.5 min; Gcdh+/+- Lys- QA: 3 ± 2 min; Gcdh−/−- N- QA: 4 ± 4 min; p = 0.67). (b– e) Scatterplots of duration 
of seizures in general (b), of stage II– III seizures (c), of stage IV– V seizures (d), and of absence- like seizures (e) for all groups receiving QA. 
Gcdh−/−- N- QA mice presented longer seizure duration than other groups (Gcdh−/−- N- QA: 4.5 ± 7.8 s; Gcdh−/−- Lys- QA: 2.7 ± 4.0 s; Gcdh+/+- 
Lys- QA: 3.7 ± 4.0 s; p < 0.001). Gcdh−/−- Lys- QA mice had shorter II– III seizures than other groups, but this difference is not relevant 
(Gcdh−/−- Lys- QA: 2.4 ± 1.9 s; Gcdh+/+- Lys- QA: 3.4 ± 3.5 s; Gcdh−/−- N- QA: 3.5 ± 4.7 s; p < 0.001). IV- V stages (Gcdh−/−- Lys- QA: 23.5 ± 26.7 s; 
Gcdh+/+- Lys- QA: 22.2 ± 17.7 s; Gcdh−/−- N- QA: 30.2 ± 20.7 s; p = 0.22) and absence- like seizures (Gcdh−/−- Lys- QA: 16.5 ± 16.9 s; Gcdh+/+- Lys- 
QA: 14.2 ± 23.5 s; Gcdh−/−- N- QA: 11.4 ± 11.3 s; p = 0.22) showed no difference in duration between groups. (f) Percentage of animals that 
died per group at P34. The mortality rate of Gcdh−/−- Lys- QA mice was higher than other groups (Gcdh−/−- Lys- QA: 4/12 deaths, 33%; Gcdh+/+- 
Lys- V: 0/11 deaths, 0%; Gcdh+/+- Lys- QA: 2/12 deaths, 10%; Gcdh−/−- N- V: 0/9 deaths, 0%; Gcdh−/−- N- QA: 1/9 deaths, 11%; Gcdh−/−- Lys- V: 1/9 
deaths, 11%; p < 0.001). (g) Survival curve of mortality rate per group according to the number of days of diet intake (normal or high lysine). 
Note that mortality rate increased on the day of QA injection (black arrow). Data are shown as median ± interquartile range. Sz, seizure. 
*p < 0.005; **p < 0.001
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Theta power in Gcdh+/+- Lys- QA mice also increased at P32/30 over 
P32/0 and at P34 over P32/30, while in Gcdh−/−- Lys- QA animals, it 
increased at P32/45 over P32/15. No differences were found for 
Gcdh−/−- Lys- V animals (Figure S1b).

The power of slow gamma oscillation increased in all groups at 
P34 when compared to P32/0 and in all groups, except Gcdh−/−- 
Lys- V, when compared to P32/15. Slow gamma power also in-
creased in Gcdh+/+- Lys- QA, Gcdh−/−- N- QA, and Gcdh+/+- Lys- V 

animals at P32/45 when compared to P32/0 and in Gcdh−/−- 
Lys- QA and Gcdh+/+- Lys- QA animals when compared to P32/15. 
Finally, in Gcdh+/+- Lys- QA, Gcdh+/+- Lys- V, and Gcdh−/−- N- V ani-
mals, the power of slow gamma increased at P32/30 over P32/0 
(Figure S1c).

The power of middle gamma oscillation increased in all groups at 
P34 over P32/0; for all groups, except Gcdh−/−- Lys- V, over P32/15; 
in Gcdh−/−- Lys- V group over P32/30; and in V- injected groups 
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when compared to P32/45. The power of middle gamma increased 
in Gcdh−/−- N- QA, Gcdh+/+- Lys- QA, and Gcdh+/+- Lys- V animals at 
P32/45 over P32/0 and in Gcdh+/+- Lys- QA animals when compared 
to P32/15. Gcdh+/+- Lys- QA and Gcdh+/+- Lys- V animals also showed 
increased middle gamma power at P32/30 over P32/0 (Figure S1d).

The power of fast gamma increased in all groups at P34 when com-
pared to P32/0; in all groups, except Gcdh−/−- Lys- V, over P32/15; in 
Gcdh−/−- Lys- V mice when compared to P32/45; and in Gcdh+/+- Lys- V 
mice when compared to P32/30 and P32/45. Gcdh−/−- N- QA mice also 
showed increased fast gamma power at P32/45 over P32/0 (Figure S1e).
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3.3 | Gcdh−/−- Lys- QA mice show predominance of 
slow brain oscillations

In order to expand EEG quantitative analyses, the left index and theta/
delta ratio were also determined (Figure 5, Table S3). At baseline, no 
differences between groups were found (F2,50 = 0.162, p = 0.85). 
However, at all P32 time periods, QA groups had higher left index than 
their respective V groups (P32/0: F1,50 = 13.12, p = 0.001; P32/15: 
F1,50 = 46.47, p < 0.001; P32/30: F1,50 = 25.32, p < 0.001; P32/45: 
F1,50 = 31.745, p < 0.001). At P32/15, Gcdh−/−- Lys mice also presented 
higher left index than Gcdh+/+- Lys mice (F2,50 = 10.31, p < 0.001). At 
P32/30 and P32/45, Gcdh−/−- Lys and Gcdh−/−- N mice also had higher 
left index than Gcdh+/+- Lys mice (P32/30: F2,50 = 9.53, p < 0.001; 
P32/45: F2,50 = 18.975, p < 0.001). Finally, at P34, Gcdh−/−- Lys- V mice 
had higher left index than both Gcdh−/−- N- V and Gcdh+/+- Lys- V; and 
Gcdh−/−- Lys- QA and Gcdh−/−- N- QA mice had higher left index than 
Gcdh+/+- Lys- QA (F2,45 = 3.79, p = 0.03; Figure 5a, Table S3).

We also evaluated left index values over time (Figures 5a, S2a 
and Table S3). Gcdh−/−- Lys- QA, Gcdh−/−- Lys- V, and Gcdh+/+- Lys- QA 
mice showed increased left index at P32/0 when compared to 
baseline. Only Gcdh−/−- Lys- QA animals, however, remained with 
increased left index values at P32/15. In all QA groups, left index 
decreased at P34 when compared to P32/0, and in Gcdh−/−- Lys- QA 
and Gcdh+/+- Lys- QA animals, over P32/15. Gcdh+/+- Lys- V mice had 
decreased left index over P32/0 at P32/15, P32/30, and P32/45, 
while Gcdh+/+- Lys- V mice had decreased left index over P32/0 at 
P32/45. No differences were found for Gcdh−/−- N- V mice.

No significant differences were found between groups at baseline 
for theta/delta ratio (F2,51 = 3.52, p > 0.05). At P32/0 and P32/15, QA 
groups had lower theta/delta ratio than the respective V groups (P32/0: 
F1,51 = 23.10, p < 0.05; P32/15: F1,51 = 31.65, p < 0.02), with no differ-
ences after this time period (P32/30: F2,51 = 0.06, p = 0.94; P32/45: 
F2,51 = 0.06, p = 0.95; P34: F2,44 = 0.933, p = 0.40; Figure 5b, Table S3).

No differences in theta/delta ratio were found over time in Gcdh−/−- 
Lys- V animals. In all QA groups and Gcdh+/+- Lys- V animals at P32/0 
and in Gcdh−/−- Lys- QA and Gcdh−/−- N- QA animals at P32/15, theta/
delta ratio decreased when compared to baseline. However, theta/
delta ratio started to increase after P32/15. In Gcdh+/+- Lys groups, the 
ratio increased at P32/30, P32/45, and P34 when compared to P32/0. 
In Gcdh−/−- Lys- QA and in Gcdh−/−- N- V groups, it increased at P32/45 
over P32/15 and P32/0, respectively. Finally, in Gcdh−/−- Lys- QA, 
Gcdh−/−- N- QA, and Gcdh−/−- Lys- V animals, it increased at P34 when 

compared to P32/0; and in Gcdh−/−- Lys- QA group, it increased when 
compared to P32/15 (Figures 5b, S2b, Table S3).

4  | DISCUSSION

Here we investigated the effects of intrastriatal QA injection on EEG 
and seizure behavior of an animal model of GA- I, the Gcdh−/−- Lys 
mice. Our main findings include increased susceptibility to seizures 
and mortality rate and changes in cortical oscillations of Gcdh−/−- Lys 
mice, such as decreased the power of theta and slow gamma oscil-
lations and long- term increment of left index, which characterize an 
ongoing encephalopathy.

4.1 | Long- term effects of acute QA administration 
in Gcdh−/−- Lys mice

Although the number of QA- induced seizures was similar between 
groups, Gcdh−/−- Lys- QA mice developed more seizures of high se-
verity. As the intracerebroventricular injection of QA at the same 
dosage used in this study was shown to induce tonic- clonic seizures 
in 50% of wild- type young rats (Oliveira et al., 2004), our result may 
indicate an increased susceptibility of Gcdh−/−- Lys mice QA- induced 
seizures of higher severity.

Although Gcdh−/−- Lys mice receiving either vehicle or QA devel-
oped SRS at P34, as expected based on a previously published study 
by our group (Vendramin Pasquetti et al., 2017), the number of SRS 
in QA- treated mice was higher. The mortality rate of Gcdh−/−- Lys- QA 
mice at P34 was also higher than in the other groups. These findings 
may indicate that the excitotoxicity induced by acute administra-
tion of QA remains for a longer period in the GA- I animal model, 
as the high- lysine diet itself was notable to induce such long- term 
outcomes.

The increased number of absence- like seizures, which lasted 
longer than the other seizure types evaluated here, can explain 
the longer seizure duration of Gcdh−/−- N- QA mice. Recent evi-
dence suggests that loss of inhibition can be involved in absence- 
like seizure generation (Panthi & Leitch, 2019). Interestingly, QA 
is known to impair the GABAergic system in multiple ways. QA is 
known to induce the degeneration of GABAergic interneurons and 
projections, as well as the loss of GABAA receptors in neuronal 

F I G U R E  3   Changes in the power of delta and theta oscillations after quinolinic acid intrastriatal injection. Power ratio plots of delta and 
theta oscillations between groups treated with vehicle (V) or quinolinic acid (QA) at P32/0 (a), P32/15 (b), P32/30 (c), P32/45 (d), and P34 (e). No 
differences were found for the power of delta between groups at all time points (p = 0.50, p = 0.46, p = 0.90, p = 0.83, p = 0.16, respectively). 
Note the lower power values for theta oscillations of animals receiving QA at P32/0, P32/15, and P32/30 (p < 0.05 for all) with no difference 
at P32/45 and P34 (p = 0.66 and p = 0.61, respectively). Scatterplots also show differences between distinct time periods for the same group. 
Data are shown as median ± interquartile range. Scheirer– Ray– Hare extension of the Kruskal– Wallis test followed by Bonferroni's post hoc 
test was used for statistical comparison between genotype + diet and treatments: ap < 0.05 from saline, among the same genotype + diet. b– 

eFriedman's two- way analysis of variance was used for statistical comparison between different time periods for the same group: bp < 0.05 from 
P32/0; cp < 0.05 from P32/15; dp < 0.05 from P32/30; ep < 0.05 from P32/45 min
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and glial cells and chronic depletion of extracellular GABA levels 
(Brickell et al., 1999; Pierozan et al., 2014; Reynolds et al., 1997). 
Also, in a previous study, we were able to demonstrate a decreased 
GABA release associated with a decrease in GAD immunocontent 
and activity and reduced inhibitory synaptic transmission in the 

neocortex of both Gcdh−/−- Lys and Gcdh−/−- N mice (Vendramin 
Pasquetti et al., 2017). It is then possible that Gcdh−/− mice, re-
gardless of the diet received, endure a combined effect of QA and 
intrinsic loss of inhibition, which could contribute to the develop-
ment of absence- like seizures.
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4.2 | Changes in power spectral density of cortical 
oscillations after QA injection

Our results show that QA impaired both theta and slow gamma oscilla-
tions after acute treatment in comparison to vehicle- treated mice, while 
no alterations were seen for delta, middle gamma, and fast gamma 
rhythms between groups at P32 or at a long- term analysis (P34). As 
both theta and gamma rhythms in the striatum had been related to cog-
nitive tasks (Tort et al., 2008), the decrease in the power of theta oscil-
lation could be correlated with cognitive impairments seen in the animal 
model (Koeller et al., 2002) and in patients with GA- I (Wajner, 2019).

Theta and gamma rhythms are markedly regulated by GABAergic 
interneuron activity (Buzsáki, 2006; Buzsáki & Wang, 2012). 
Interestingly, the GABAergic system is impaired in the striatum fol-
lowing local acute QA injection (Beal et al., 1986). Previous studies 
hypothesize that distinct populations of inhibitory interneurons may 
be responsible for generating distinct gamma rhythms (Lasztóczi & 
Klausberger, 2014; van der Meer, 2009), and certain types of striatal 
interneurons seem to be more susceptible to QA excitotoxicity than 
others (Feng et al., 2014). This may explain why slow gamma, but not 
middle and fast gamma oscillations, was impaired following QA injec-
tion. However, the specific relation between striatal interneuron sub-
types and distinct gamma rhythms is still to be explored.

All vehicle and QA- treated groups showed decreased power values for 
all frequency bands immediately after injection. It is possible to assume that 
the injection procedure per se and the volume injected are responsible for 
this transient decrease. A similar finding was reported before, where intra-
hippocampal injection of either saline or QA induced transient decreases in 
EEG amplitude right after the procedure (Schwarcz et al., 1984). Although 
intracerebral injection is a reliable way for drug delivery, the vehicles in-
jected can exert transient effects per se, including cell damage and displace-
ment (Robinson, 1969; Yaksh et al., 1991). Even though saline is assumed to 
be isotonic, it alters the extracellular ionic balance of the surrounding region 
and, consequently, cell volume (Sabel et al., 1985) and brain activity (Hübel 
& Ullah, 2016; Ullah et al., 2015; Wilson & Mongin, 2018).

4.3 | Increases in EEG left index and decreases 
in theta/delta ratio values

The EEG left index analysis represents left shifts in the PSD 
of cortical oscillations, and high left index (>0.8) values are 

related to neurological damage, encephalopathy, and coma (Bosman 
et al., 1990; Vogels et al., 1997). QA treatment caused an immedi-
ate increase in left index for all groups, but only Gcdh−/−- Lys- QA 
and Gcdh−/−- N- QA groups remained with values above the normal 
threshold (Vogels et al., 1997) through P32 recording. Also, left 
index values remained higher for Gcdh−/−- Lys- QA and Gcdh−/−- N- QA 
mice at P34 over other groups. These results may imply an increased 
sensibility to QA for both Gcdh−/− groups, regardless of diet. Thus, 
QA administration can act similar to lysine overload, simulating acute 
catabolic states that contribute to severe neurological features seen 
in patients with GA- I (Wajner, 2019).

All groups showed a decrease in theta/delta ratio after the in-
jection procedure, which was quickly reverted to baseline values for 
vehicle- treated groups. This can attributed to the injection proce-
dure and volume of solution injected (Ullah et al., 2015), and that 
was similar to what we had observed for the power values for all fre-
quency bands immediately after injection. Conversely, theta/delta 
ratio decreased in all QA- injected groups up to 30 min after injection 
as a consequence of decreased power values of theta oscillation, 
suggesting an impairment of brain activity (Masuki & Nose, 2009).

Similar to left index values, no differences were found for theta/
delta ratio between P34 and baseline. As up to one third (33%) 
of Gcdh−/−- Lys- QA mice died before reaching P34 due to QA and 
high- lysine diet effects, our group of Gcdh−/−- Lys animals could be 
clustered in “more susceptible” and “less susceptible” groups to QA 
and/or diet. Therefore, supposing that mortality rate at P34 was par-
ticularly high among the “more susceptible” group, Gcdh−/−- Lys- QA 
animals evaluated at P34 could not display severe changes in brain 
oscillations. This hypothesis is corroborated by previous studies 
where QA, at the same concentration used here, induced variable 
susceptibility to seizures in rats (Oliveira et al., 2004). Also, some 
mice have high tolerance to diet intake and do not develop a GA- I 
phenotype (Zinnanti et al., 2006). However, the mechanism for such 
differences in QA or high- lysine diet susceptibility among Gcdh−/− 
mice are still unclear.

In this study, not all Gcdh−/− mice develop the full GA- I pheno-
type after high- lysine diet intake and no way of assessing which ani-
mals would be resistant to developing GA- I was possible. Therefore, 
resistant mice are a limitation of the animal model used and could 
be a source of bias for our results. In addition, we tried as much as 
possible not to select specific mice from litters, sometimes leading 
to discrepancies between the number of male and female mice used, 

F I G U R E  4   Changes in the power of slow, middle, and fast gamma oscillations after quinolinic acid intrastriatal injection. Power ratio plots 
of slow, middle, and fast gamma oscillations between groups treated with vehicle (V) or quinolinic acid (QA) at P32/0 (a), P32/15 (b), P32/30 
(c), P32/45 (d), and P34 (e). Note the lower power values of slow gamma of animals receiving QA at P32/0, P32/15, and P32/30 (p < 0.05 
for all). No differences were found at P32/45 and P34 (p = 0.55 and p = 0.72, respectively). Also, no differences were found in the power 
of middle gamma (p = 0.63, p = 0.96, p = 0.51, p = 0.46 and p = 0.33) and fast gamma (p = 0.53, p = 0.84, p = 0.23, p = 0.16 and p = 0.34) 
between groups at all periods (P32/0, P32/15, P32/30, P32/45 and P34, respectively). Scatterplots also show differences between distinct 
time periods for the same group. Data are shown as median ± interquartile range. aScheirer– Ray– Hare extension of the Kruskal– Wallis test 
followed by Bonferroni's post hoc test was used for statistical comparison between genotype + diet and treatments: ap < 0.05 from saline, 
among the same genotype + diet. b– eFriedman's two- way analysis of variance was used for statistical comparison between different time 
periods for the same group: bp < 0.05 from P32/0; cp < 0.05 from P32/15; dp < 0.05 from P32/30; ep < 0.05 from P32/45
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F I G U R E  5   Effects of intrastriatal quinolinic acid injection on brain activity indices. Scatterplots showing differences in left index (a) and 
theta/delta ratio (b) between groups at the same time period or among the same group between different time periods analyzed. (a) Note 
that, during P32 time periods, quinolinic acid (QA)- groups had higher left index than vehicle (V)- groups (P32/0, p = 0.001; P32/15, P32/30 
and P32/45, p < 0.001). From P32/15 to P32/45, Gcdh−/−- Lys mice had higher left index than Gcdh+/+- Lys mice (p < 0.001) and, at P32/30 
and P32/45, Gcdh−/−- N mice also had higher left index than Gcdh+/+- Lys mice (p < 0.001). At P34, Gcdh−/−- Lys- V mice had higher left index 
than Gcdh−/−- N- V and Gcdh+/+- Lys- V groups; and Gcdh−/−- Lys- QA and Gcdh−/−- N- QA mice had higher left index than Gcdh+/+- Lys- QA groups 
(p = 0.03). Left index values at the baseline period were similar in all groups (p = 0.85). (b) Note that, at P32/0 and P32/15, QA groups had 
lower theta/delta ratio than the respective V groups (P32/0: p < 0.05; P32/15: p < 0.02), with no differences at baseline (p > 0.05) and after 
P32/15 (P32/30: p = 0.94; P32/45: p = 0.95; P34: p = 0.40). Data are shown as mean ± SD for left index and median ± interquartile range 
for theta/delta ratio. a– dTwo- way ANOVA followed by Bonferroni's post hoc test for left index and Scheirer– Ray– Hare extension of the 
Kruskal– Wallis test followed by Bonferroni's post hoc test for theta- delta ratio were used for statistical comparison between genotype + diet 
and treatments: ap < 0.05 from vehicle, among the same genotype + diet; bp < 0.05 from Gcdh+/+- Lys, among the same treatment; cp < 0.05 
from Gcdh−/−- Lys- V, with interaction between genotype + diet and treatment; dp < 0.05 from Gcdh+/+- Lys- QA, with interaction between 
genotype + diet and treatment. e– gFriedman's two- way analysis of variance was used for statistical comparison between different time periods 
for the same group: ep < 0.05 from P30; fp < 0.05 from P32/0; gp < 0.05 from P32/15
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which could potentially hinder the possibility of assessing proper sex 
differences. Despite the limitations, our key findings including the 
increased seizure susceptibility, changes in cortical oscillation pat-
terns, and increased mortality rate following high- lysine diet intake 
and QA injection in GCDH- deficient mice may contribute to the hy-
pothesis of QA involvement in the neurological features in GA- I, par-
ticularly in the ictogenesis during acute episodes of encephalopathy, 
commonly elicited by infection.

The present study demonstrated a higher susceptibility of the 
genetic mouse model of GA- I to QA, as revealed by the severe sei-
zures observed in these animals relative to the controls when in-
jected intrastriatally with this potent neurotoxin NMDA receptor 
agonist. If these findings could be translated to the human con-
dition, it would be tempting to speculate that endogenous QA, 
produced by microglial cells in the central nervous system, as one 
endpoint of the kynurenine pathway of tryptophan degradation 
(Maddison & Giorgini, 2015), could act synergically at NMDA re-
ceptors, with other organic acids, whose synthesis is increased in 
GA- I patients, causing excitotoxic neuronal cell damage and striatal 
necrosis. In fact, this association may ultimately lead to the char-
acteristic seizures induced by episodes of acute encephalopathy 
during infections/inflammatory processes observed in GA- I pa-
tients, as originally proposed (Varadkar & Surtees, 2004). Although 
there is unclear evidence of QA involvement in GA- I in humans, 
quantifying kynurenine pathway metabolites in biological fluids of 
patients with GA- I under different stages of the disease, as well as 
in postmortem brain structures to detect regional- specific, disease- 
related alterations of this pathway, would be a valuable method to 
investigate the pathogenesis and potential peripheral biomarkers 
of GA- I progression.
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FIGURE S1 Changes in the power of different brain oscillations over 
time for all groups. (a) The power of delta increased at P34 in relation to: 
(a) P32/0 for all QA groups and Gcdh−/−- N- V animals (Gcdh−/−- Lys- QA: 
p = 0.009; Gcdh+/+- Lys- QA: p < 0.001; Gcdh−/−- N- QA: p < 0.001; 
Gcdh−/−- N- V: p = 0.003); (b) P32/15 for Gcdh−/−- Lys- QA (p = 0.03) and 
Gcdh+/+- Lys- QA groups (p = 0.003). No differences over time were 
found for Gcdh−/−- Lys- V (p = 0.20) and Gcdh+/+- Lys- V animals (p = 0.12). 
(b) Power values of theta increased at P34 in relation to: (a) P32/0 in 
all groups, except Gcdh−/−- Lys- V (Gcdh−/−- Lys- QA: p = 0.03; Gcdh+/+- 
Lys- QA: p < 0.001; Gcdh−/−- N- QA: p < 0.001; Gcdh+/+- Lys- V: p = 0.005; 
Gcdh−/−- N- V: p = 0.01); (b) P32/15 in QA groups (Gcdh−/−- Lys- QA: 
p = 0.003; Gcdh+/+- Lys- QA: p = 0.001; and Gcdh−/−- N- QA: p = 0.005). 
Power values of theta increased at P32/45 in relation to P32/0 in all 
groups, except Gcdh−/−- Lys groups (Gcdh+/+- Lys- QA: p = 0.03; Gcdh−/−- 
N- QA: p = 0.009; Gcdh+/+- Lys- V: p = 0.03; Gcdh−/−- N- V: p = 0.05). It 
also increased at P32/30 in relation to P32/0 and at P34 in relation 
to P32/30 in Gcdh+/+- Lys- QA mice (p = 0.03; p = 0.05) and at P32/45 
in relation to P32/15 in Gcdh−/−- Lys- QA group (p = 0.03). No differ-
ences were found for Gcdh−/−- Lys- V animals (p = 0.31). (c) The power 
of slow gamma increased at P34 in relation to: (a) P32/0 in all groups 
(Gcdh−/−- Lys- QA: p = 0.02; Gcdh+/+- Lys- QA: p < 0.001; Gcdh−/−- N- QA: 
p < 0.001; Gcdh−/−- Lys- V: p = 0.001; Gcdh+/+- Lys- V: p < 0.001; Gcdh−/−- 
N- V: p < 0.001); and (b) P32/15 in all groups, except Gcdh−/−- Lys- V 
(Gcdh−/−- Lys- QA: p = 0.001; Gcdh+/+- Lys- QA: p < 0.001; Gcdh−/−- 
N- QA: p = 0.005; Gcdh+/+- Lys- V: p = 0.005; Gcdh−/−- N- V: p = 0.003). 
The power of slow gamma increased at P32/45 in relation to: (a) P32/0 
in Gcdh+/+- Lys- QA (p = 0.002), Gcdh−/−- N- QA (p = 0.04), and Gcdh+/+- 
Lys- V animals (p = 0.008); and (b) P32/15 in Gcdh−/−- Lys- QA (p = 0.03) 
and Gcdh+/+- Lys- QA animals (p = 0.05). It also increased at P32/30 in re-
lation to P32/0 in Gcdh+/+- Lys- QA (p = 0.05), Gcdh+/+- Lys- V (p = 0.001), 
and Gcdh−/−- N- V animals (p = 0.05). (d) The power of middle gamma 
increased at P34 in relation to: (a) P32/0 in all groups (Gcdh−/−- Lys- QA: 
p = 0.03; Gcdh+/+- Lys- QA: p < 0.001; Gcdh−/−- N- QA: p < 0.001; Gcdh−/−- 
Lys- V: p = 0.003; Gcdh+/+- Lys- V: p < 0.001; Gcdh−/−- N- V: p = 0.05); (b) 
P32/15 in all groups, except Gcdh−/−- Lys- V (Gcdh−/−- Lys- QA: p = 0.004; 
Gcdh+/+- Lys- QA: p < 0.001; Gcdh−/−- N- QA: p = 0.001; Gcdh−/−- N- V: 
p < 0.001; Gcdh+/+- Lys- V: p < 0.001); (c) P32/30 in Gcdh−/−- Lys- V mice 
(p = 0.004); P32/45 in Gcdh−/−- Lys- V (p = 0.03), Gcdh−/−- N- V (p = 0.01), 
and Gcdh+/+- Lys- V animals (p = 0.04). It increased at P32/45 in relation 
to: (a) P32/0 in Gcdh−/−- N- QA (p = 0.03), Gcdh+/+- Lys- QA (p = 0.001), 
and Gcdh+/+- Lys- V animals (p = 0.04); and b) P32/15 in Gcdh+/+- Lys- QA 
animals (p = 0.03). It also increased at P32/30 in relation to P32/0 in 
Gcdh+/+- Lys- QA (p = 0.02) and Gcdh+/+- Lys- V animals (p = 0.02). (e) The 
power of fast gamma increased at P34 in relation to: (a) P32/0 in all 
groups (Gcdh−/−- Lys- QA: p = 0.03; Gcdh+/+- Lys- QA: p < 0.001; Gcdh−/−- 
N- QA: p < 0.001; Gcdh−/−- Lys- V: p = 0.01; Gcdh−/−- N- V: p < 0.001; 
Gcdh+/+- Lys- V: p < 0.001); b) P32/15 in all groups, except Gcdh−/−- Lys- V 
(Gcdh−/−- Lys- QA: p = 0.01; Gcdh+/+- Lys- QA: p < 0.001; Gcdh−/−- N- QA: 
p = 0.01; Gcdh−/−- N- V: p = 0.01; Gcdh+/+- Lys- V: p = 0.005); c) P32/45 
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in Gcdh−/−- Lys- V (p = 0.01) and Gcdh+/+- Lys- V mice (p = 0.02); and d) 
P32/30 inGcdh+/+- Lys- V mice (p = 0.04). It also increased at P32/45 
in relation to P32/0 in Gcdh−/−- N- QA animals (p = 0.04). Values and 
statistical significance are described on Table S2
FIGURE S2 Changes in left index (a) and theta/delta ratio (b) over time 
for all groups. (a) Note that at P32/0 left index values increased in rela-
tion to baseline in Gcdh−/−- Lys- QA (p = 0.01), Gcdh−/−- Lys- V (p = 0.03), 
and Gcdh+/+- Lys- QA mice (p = 0.05). At P32/15, values remained 
increased only for Gcdh−/−- Lys- QA animals (p = 0.003). At P34, left 
index decreased in relation to: (a) P32/0 in Gcdh+/+- Lys- QA (p = 0.03), 
Gcdh+/+- Lys- QA (p < 0.001), and Gcdh−/−- N- QA animals (p = 0.02); 
and b) P32/15 for Gcdh−/−- Lys- QA (p = 0.008) and Gcdh+/+- Lys- QA 
animals (p = 0.03). Only Gcdh+/+- Lys- V mice had decreased left index 
at P32/15 and P32/30 in relation to P32/0 (p = 0.03 and p < 0.001, 
respectively), while both Gcdh+/+- Lys- V and Gcdh+/+- Lys- QA had de-
creased left index values at P32/45 in relation to P32/0 (p < 0.001 
and p = 0.004, respectively). No differences were found for Gcdh−/−- 
N- V mice. (b) Note that, at P32/0, Gcdh−/−- Lys- QA, Gcdh+/+- Lys- QA, 
Gcdh−/−- N- QA, and Gcdh+/+- Lys- V groups had decreased values 
of theta/delta ratio in relation to baseline (p = 0.008, p = 0.004, 
p = 0.013, and p = 0.004, respectively). At P32/15, theta/delta 
ratio decreased in relation to baseline in Gcdh−/−- Lys- QA (p = 0.001) 
and Gcdh−/−- N- QA animals (p = 0.02). At P32/30, P32/45, and P34 
theta/delta ratio increased in relation to P32/0 in Gcdh+/+- Lys groups 

(Gcdh+/+- Lys- QA: p = 0.02, p = 0.01, and p < 0.001, respectively; 
Gcdh+/+- Lys- V: p = 0.007, p = 0.001 and p < 0.001, respectively). At 
P32/45, the ratio increased in relation to P32/15 in Gcdh−/−- Lys- QA 
animals (p = 0.01) and in relation to baseline and P32/0 in Gcdh−/−- 
N- V group (p = 0.04). At P34, the ratio increased in relation to P32/15 
in Gcdh−/−- Lys- QA (p = 0.008) and Gcdh−/−- N- QA animals (p = 0.005) 
and also in relation to P32/0 for Gcdh−/−- N- QA group (p = 0.003). No 
differences were found for Gcdh−/−- Lys- V animals (p = 0.27). Values 
and statistical significances are described on Table S3
TABLE S1 Sex comparison for every analysis performed
TABLE S2 Power ratio of brain oscillations at different time- periods
TABLE S3 Left index and theta/delta ratio at different time- periods
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