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Abstract

Nonketotic hyperglycinemia due to deficient glycine cleavage enzyme activity causes a severe
neonatal epileptic encephalopathy. Current therapies based on mitigating glycine excess have
only limited impact. An animal model with postnatal phenotyping is needed to explore new
therapeutic approaches. We developed a Gldc p.Ala394Val mutant model and bred it to
congenic status in 2 colonies on C57BI/6J (B6) and J129X1/SvJ (J129) backgrounds. Mutant
mice had reduced P-protein and enzyme activity indicating a hypomorphic mutant. Glycine
levels were increased in blood and brain regions, exacerbated by dietary glycine, with higher
levels in female than male J129 mice. Birth defects were more prevalent in mutant B6 than
J129 mice, and hydrocephalus was more frequent in B6 (40%) compared to J129 (none). The
hydrocephalus rate was increased by postnatal glycine challenge in B6 mice, more so when
delivered from the first neonatal week than from the fourth. Mutant mice had reduced weight
gain following weaning until the eighth postnatal week, which was exacerbated by glycine
loading. The electrographic spike rate was increased in mutant mice following glycine loading,
but no seizures were observed. The alpha/delta band intensity ratio was decreased in the left
cortex in female J129 mice, which were less active in an open field test and explored less in a
Y-maze, suggesting an encephalopathic effect. Mutant mice showed no evidence of memory
dysfunction. This partial recapitulation of human symptoms and biochemistry will facilitate the
evaluation of new therapeutic approaches with an early postnatal time window likely most

effective.
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Take home message:
A mouse model of nonketotic hyperglycinemia is described that shows postnatal abnormalities
in glycine levels, neural tube defects, body weight, electroencephalographic recordings, and in

activity in young mice making it amenable for the evaluation of novel treatment interventions.
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1. INTRODUCTION

Nonketotic hyperglycinemia (NKH) is a genetic infantile epileptic encephalopathy with an
incidence of 1:76,000 that is caused by deficient activity of the glycine cleavage enzyme
system (GCS).13 The GCS catalyzes the breakdown of glycine with tetrahydrofolate (THF) into
CO2, NHs, and 5,10-methylene-THF (Figure 1A). This mitochondrial enzyme is present in liver,
placenta, and brain, primarily in astrocytes. The GCS comprises 4 subunits (P, T, H, and L)
(Figure 1A). In 80% of patients with NKH, deficient GCS activity is caused by pathogenic loss
of function variants in the GLDC gene encoding the P-protein, while the remaining 20% of
patients have defects in the AMT gene encoding the T-protein, and in very rare patients the
defect resides in the GCSH gene encoding the H-protein.%* Most patients have the severe
form of NKH and present with neonatal epileptic encephalopathy, absent psychomotor
development, spasticity, and therapy-resistant epilepsy.>>6 An attenuated form of NKH is
present in 15% of patients characterized by developmental progress and treatable or no
epilepsy. Human neuropathology reveals persistent vacuolating myelinopathy, variable
astroglial reaction, without reported changes in oligodendroglial cells or neurons.’”14 Brain
atrophy only develops in older severely affected patients.1518

Deficient GCS activity results in increased circulating and brain glycine levels.®*° Most past
hypotheses of the pathophysiology have focused primarily on neurotoxicity caused by excess
glycine,?%-22 or on end-product deficiency of glycine derived one-carbon units to folate via 5,10-
methylene-THF.23-25 Current therapy is exclusively focused on mitigating the effects of excess
glycine and comprises glycine reduction strategies using benzoate or ketogenic diet?6?2 and

dextromethorphan to decrease putative excessive neurotransmission at the N-methyl-D-
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aspartate receptor.?®3° Early treatment moderately improves outcomes in attenuated NKH,3*
but this treatment is ineffective in changing the outcome in severe NKH, even when initiated
neonatally.3?33 Overall, prognosis in NKH is so dismally poor that many parents withdraw care
in the neonatal period.3

Yet, there is reason for optimism that treatment is possible. Subjects develop increasing
spasticity and worsening seizures after the first 3 months of life indicating a window of
opportunity for treatment in early infancy.?® In an extensive brain imaging study,3® the only
documented malformation was rare obstructive aqueductal hydrocephalus.3® The corpus
callosum had decreased volume and lower growth in severely affected compared to attenuated
NKH patients, indicative of impaired white matter development.3® Thus, imaging studies
indicate a problem of brain growth rather than malformation.3® Effective treatment that restores
brain growth may result in substantial clinical improvement. Developing new therapeutic
options based on improved insights into the pathophysiology of NKH is crucial, which requires
studies in mouse models.

A few mouse models of NKH have been described previously. A dominant negative
transgene activated in neural stem cells results in microcephaly, early demise (<38 d), and
fatal status epilepticus,®” whereas a mild dominant negative transgene with 29-33% residual
activity exhibits some behavioral changes and longer convulsive phases after electroshock.38:39
A gene trap in the AMT gene on a C57BL/6 (B6) background with no residual activity was
embryonically lethal due to neural tube defects.*? Unfortunately, these mouse models are no
longer available.

Two gene traps in Gldc in intron 2 (GT1 with 5-15% normally spliced mRNA)?* and intron 9

(GT2 without normally spliced mMRNA),?> on a B6 background exhibit neural tube defects,
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primarily exencephaly, 24% in GT1 and 57% in GT2. GT1 mice that are born alive exhibit a
55% lethality between 2 and 12 weeks of age, half from hydrocephalus and the other deaths
unexplained.?* Biochemically, these mice have elevated glycine and decreased forms of
methylated folate. Prenatal treatment with formate prevents neural tube defects and
hydrocephalus and improves brain growth.?42541 Two missense Gldc variants were generated
on the B6 mouse strain, a severe model with a complex double mutant p.Gly561Arg and
p.Ser562Phe, and a milder model p.Ala394Val.*? In the severe double mutant, less than 10%
of expected mice are born alive, whereas the p.Ala394Val mice have a 18% decreased birth
rate and a 31% hydrocephalus rate, both of which are substantially improved with prenatal
formate treatment. All these mice have elevated glycine levels.

In the present study, we describe a new mouse model homozygous for the missense
variant Gldc p.Ala394Val homologous to the recurring human missense p.Ala389Val. To
account for the effect of genetic background, the mouse model was made congenic on 2
backgrounds: B6 and 129X1/SvJ (J129). The mouse model phenotype was extensively
characterized for glycine levels, survival, growth, brain electrophysiology, and neurobehavioral

testing.

2. METHODS

2.1 Mouse Models

Mouse studies were carried out with approval from the Institutional Animal Care and Use
Committee of the University of Colorado Anschutz Medical Campus (IACUC# 00413). To
generate the transgenic mice, the genomic sequence around exon 9 from the B6 mouse strain

was cloned into a homologous cloning vector and the Gldc p.Ala394Val mutation introduced by
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site-directed mutagenesis (Figure 1B). The vector was transfected for integration using classic
techniques into E17.1 embryonic stem cells, which are derived from an F1 hybrid of C57BL/6J
and J129X1/SvJ followed by removal of selection markers (see supplemental methods).
Founder mice were backcrossed in two separate colonies, B6 and J129, using a speed
congenic approach in two separate colonies to evaluate the impact of strain background via
asymptomatic heterozygote intercrosses to avoid negative selective pressure on the
phenotype.*344 The mutation was traced by polymerase chain reaction, and verified by Sanger

sequencing (Figure 1C,D).

2.2  Biochemistry

Mutant P-protein activity measured in the glycine exchange assay was recorded as a
percentage of wild-type (WT).>#° Initial in vitro measurements were performed on COS-7 cells
transfected with a plasmid containing human WT or GLDC p.A389V, or with mouse Gldc WT
or Gldc p.A394V.° Glycine cleavage enzyme activities were also measured in brain and liver
tissue from the mouse model as described in the supplemental methods. Protein levels were
determined using Western blot analysis of the liver, cortex, cerebellum, hippocampus, pons,
and brainstem as described in the supplemental methods. Glycine levels were determined in
mouse plasma and brain tissue (cortex, cerebellum, and hippocampus) using reversed phase

high-pressure liquid chromatography as described in the supplemental methods.*6:47

2.3  Symptoms, weight, and survival
Mice were maintained on regular chow with body weight recorded weekly for up to 90 days,

and hydrocephalus or health distress was recorded. Glycine challenge of the mice was
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performed by the addition of 3% or 5% (w/v) glycine to drinking water provided ad libitum as
indicated in the supplemental methods. At the end of each experiment, tissues were dissected
from euthanized mice for biochemical analyses. Mice with hydrocephalus were excluded form

subsequent functional studies.

2.4  Electrode implantations and EEG recording

Detailed methods for electrode implantation, electroencephalographic (EEG) recording and
analyses are provided in the supplemental methods. In brief, subdural electrodes for EEG
recording were implanted at 5 weeks of age bilaterally over the sensorimotor cortices and local
field potential depth electrodes were placed bilaterally in the dorsal hippocampal area CA1
with reference and ground surface electrodes placed over the cerebellum.*8-50 After recovery
from surgery for 7 days (d), continuous video-EEG recordings were obtained for 14 d with mice
receiving regular food and water ad libitum, and then for an additional 7 d with glycine (5% wi/v)
added to the drinking water. EEG signals were sampled at 2 kHz, amplified 500x, and band-
pass filtered between 1.0 Hz and 500 Hz. Off-line data analyses were performed by a blinded
experienced experimenter to manually detect electrographic seizures utilizing a modified
Racine scale. Data from EEG analysis were taken on the 6th day of each of the 1-week
recordings, analyzed at 24 h, 2 h in the day and 2 h at night for each week, and after filtering,
spikes were detected using custom MATLAB scripts for spike detection.5>%? Frequency
analyses were performed using fast Fourier transformation (uV?/Hz) using LabChart (ADI
Instruments) as described previously®%°? for total power analysis [delta (0.1-4 Hz), theta
(4.01-8 Hz), alpha (8.01-12 Hz), beta (12.01-30 Hz), and gamma (30.01-100 Hz)], and

normalized to baseline recordings.

10
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2.5 Neurocognitive and behavioral characterization of NKH mouse

Cognitive deficits and hyperactivity are key symptoms of NKH particularly in the attenuated
form.?® Mice were tested for correlative deficits at age 8 weeks within the vulnerable period
with no treatment for both B6 and J129 strains and for the J129 strain also under glycine
challenge (3% [w/v] in drinking water) beginning 1 week before testing. Detailed testing
methods are provided in the supplemental methods. In the Open Field test, mice were placed
in a lighted square box and total distance traveled, velocity, and time spent in the center zone
versus the periphery recorded with a video tracking software. In the Y Maze Spontaneous
Alternation test, used to quantify spatial working memory, testing occurred in a Y-shaped maze
with 3 opaque arms at a 120° angle from each other, and the number of arm entries and triads
(triad = entry into 3 consecutive arms without revisiting an arm) were recorded to calculate the
percentage of correct alternations. Mice normally explore the less recently visited arm,
whereas mice with impaired hippocampal function will display fewer correct alternations.>3 In
the Contextual Fear Conditioning test, mice were exposed to 2 mild electric foot shocks in a
specific context as described previously.>*-%6 When reintroduced to the same context (without
the shock), mice display freezing behavior, indicating contextual-associative learning.>*>" This
training paradigm was used to assess hippocampal dependent forms of learning in the mice in
the form of contextual freezing. In the Radial Arm Water Maze, mice swim in a circular tank
with six equally spaced arms radiating from the center, one of which consistently contained an
escape platform at the end. Distinct distal visual cues were placed outside the maze for

guidance. Over 2 days of testing, the mice learn to rely on the distal visual cues to find the

11
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platform. This test examines spatial learning and memory.>® Quantitative performance criteria

were: time to reach the platform, number of wrong arm entries, and distance swum.

2.6  Statistical analysis

Populations are presented as mean and standard deviation (SD) or as median and
interquartile range (IQR). Distribution normality was evaluated using Shapiro-Wilk and
Kolmogorov-Smirnov statistics. The difference between 2 populations was evaluated by the
Student t-test if normally distributed and by a Mann-Whitney-U test if not normally distributed.
The difference between multiple populations was evaluated by analysis of variance (ANOVA)
with post-hoc Tukey test if normally distributed, or by Friedman’s 2-way ANOVA by ranks with
post-hoc pairwise comparisons adjusted by Bonferroni correction for multiple comparisons if
not normally distributed. The difference between observed and expected outcomes was
evaluated by Chi-square test. Relationships between 2 variables were calculated as the
Pearson correlation coefficient for normally distributed populations or the Spearman rank
correlation for non-normally distributed populations. Survival was analyzed by Kaplan-Meier
statistic with comparisons done by log-rank statistic. For the body weight analysis, for each
strain and sex, the weight of the WT mice at each weekly time point followed a normal
distribution and at each week the mean and SD were calculated. The body weight of other
mouse populations (heterozygote [HET], homozygote mutant [MUT], without treatment or with
glycine) were then transformed into a Z-score (weightweekx — Meanweekx of WT mice)/ SDweekx of WT.
As the Z-scores were normalized for strain, sex, and age, males and females could be
combined in a statistical comparative analysis.>® Repeated analyses such as EEG recordings,

Contextual Fear Conditioning, and Radial Arm Water Maze testing were evaluated using a

12
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multifactorial univariate analysis of variance with repeated measures over sequential episodes,
and post hoc Tukey HSD test. Statistical significance was set at 0.05. Statistical calculations
were done using IBM SPSS Statistics version 29 (IBM, New York, USA), and Statistica™

version 13.5 (StatSoft, Hamburg, Germany).

3. RESULTS

3.1 Mouse model, genetics, and natural history

The founder mouse was generated from the original E17.1 embryonic stem cells derived from
an F1 hybrid of a B6 and a J129 line with the integrating plasmid on the B6 genomic
background ensuring integration (Figure 1B). Following injection of the blastocysts, 1 one
chimeric mouse was identified, and bred in 2 separate lines for at least 5 generations to either
B6 or J129 mice using marker-assisted breeding in a speed congenic breeding strategy
(Figure 1E). This allowed the derivation of a strain that was 299.8% congenic from the fifth
generation. Sanger sequencing of exon 9 verified the presence of the mutation in each strain
(Figure 1C), while for breeding purposes, the mutation was verified by a size difference of the
polymerase chain reaction product with the mutant allele being larger than the WT due to the
remnant lox site (Figure 1D). Using this method, offspring were tested for transmission of the
mutation at 2 weeks of age (Table 1). Heterozygote intercrossing of the B6 line showed a
significant deviation from the expected distribution for an autosomal recessive condition (Chi-
square p=0.0016), an underrepresentation by 36% for the expected MUT group, slightly more
in males 43% than in females 31%. In the J129 strain, we also observed a significant deviation

from that expected for autosomal recessive inheritance (Chi-square p= 0.05), with a 21%

13
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underrepresentation of MUT, 28% in males, and 16% in females. In both strains, there was no
deviation from the expected sex ratio (p=0.60 and 0.75, respectively). In the B6 strain within
three months, 22/63 male mutant mice died (13 from confirmed hydrocephalus); and 25/62
female mutant mice died (9 from confirmed hydrocephalus). On histology, the hydrocephalus
was obstructive at the aqueduct level, similar to the previously reported mutant Gldc

strains,24:41.42,60

3.2 Decreased GLDC enzyme activity and protein levels result in elevated plasma and
tissue glycine levels

In planning for the mouse model, we expressed the variants in the mouse Gldc gene via
transient expression in COS7 cells. This showed that the GLDC p.A394V mutant enzyme had
activity of 23.5+2.3 nmol-h-t-mg protein-t, which was 22.6% of the WT glycine exchange
activity of 104441 nmol-h-t-mg protein-t, with only a mild reduction in P-protein on Western blot
(data not shown). For comparison, in a similar experiment the equivalent human mutation
p.A389V showed 11.9% activity of the activity of the WT.>

In the mouse, the hepatic residual glycine cleavage enzyme activity in 5-week-old mutant
mice was 22+15% in B6 and 16+5% in J129 (p=0.6), whereas in brain, the residual enzyme
activity was higher at 30+12% in B6 and 33+2% in J129 (Table S1). Gldc protein levels were
decreased as assessed by Western blot. In liver, mutant mice had Gldc protein levels that
were 70% of WT for both strains, and in brain regions ranges were: cortex: 42% — 62%,
cerebellum: 35% — 33%, hippocampus 24% — 35%, pons: 33% — 50%, and brain stem: 79% —
44% of WT level for B6 and J129, respectively, (all differences p<0.05; Table S2). In WT mice,

the absolute Gldc protein levels were highest in cortex, cerebellum, and hippocampus and

14
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lower in brain stem. Thus, the mutation reduced both enzyme activity and steady state protein
levels in vivo.

This decreased glycine cleavage enzyme activity resulted in increased glycine levels in
plasma and tissues (Table 2). At age 5 weeks, in B6 mice, the plasma glycine levels were
doubled in mutant mice (208%) compared to WT, with no difference for heterozygotes, and in
J129 mice, plasma glycine levels were also doubled in mutant mice (208%) and increased by
37% in heterozygous mice. Both the WT and mutant plasma glycine levels were a little higher
in B6 than in J129 mice, both by ~30%. In MUT brain tissue, glycine levels increased
compared to WT in cortex (186% in J129 and 195% in B6), and in hippocampus (219% in J129
and 190% in B6), with no change in heterozygotes. Glycine levels in all tissues were higher in
B6 than in J129 mice. In cerebellum, glycine levels tripled compared to WT (354% in J129 and
324% in B6). In WT mice, plasma glycine levels correlated with hippocampal glycine levels
(p=0.712, p=0.002) but no other levels correlated. In MUT mice, plasma glycine levels
correlated with cerebellar glycine levels r=0.846, CI: 0.572, 0.950, p<0.001), but not with cortex
or hippocampal glycine levels.

Compared to young mice at 5 weeks of age, adult mice at 12 weeks had higher plasma
glycine levels in J129 (146%) but not in B6, whereas in brain cortex glycine levels were higher
in B6 mice (124%) but not in J129. Despite these mild differences by age and strain, mutant
mice always had much higher glycine levels in plasma and all brain regions than WT or
heterozygous mice. Young mutant J129 mice also exhibited sex differences: glycine levels
were higher in female than in male mice in plasma by 45%, cortex by 13%, and cerebellum by

12%; in young B6 mutant female mice glycine levels were higher in plasma by 42% but not in

15
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brain levels (Table S3). These sex differences were not present in older mice. In WT mice,
there was only a mild sex difference in cerebellar levels in young mice.

When mice were given 5% glycine in drinking water (Table 3), WT mice exhibited markedly
increased plasma glycine levels (417% in J129 and 788% in B6), but brain glycine levels
increased more moderately in young mice (159% in J129 and 198% in B6) and less or not
significantly in older WT mice. In MUT mice, the brain glycine levels increased to 286% in J129
and to 204% in B6. In all cases, MUT mice had about double the cortex glycine levels of WT
mice. With glycine challenge in MUT mice, brain glycine levels were 5.3 and 4.0 times the
levels in normal WT mouse brain. Thus, increasing the dietary glycine load increased not only

plasma glycine levels but also brain glycine levels, more in mutant mice than in WT mice.

3.3 Natural history and survival under glycine challenge

We next examined the health impact of the mutation on the survival and weight gains of
mutant mice. Mutant B6 mice (n=20) had a 40% mortality rate within 90 d, with most deaths
occurring between day 35 and 70, primarily due to hydrocephalus, whereas no heterozygous
mice (n=47) and only 1 WT (n=25) mouse was sacrificed for dental malocclusion (p<0.001)
(Figure 2A). In the J129 strain, there were no deaths related to NKH in any genotype (WT n=
54, Het n=85, MUT n=23) (Figure 2B). Thus, mortality was higher in B6 than in J129 (p<0.001),
but was not different between male and female B6 mice (p=0.88). When B6 mutant mice were
challenged with 5% glycine in the drinking water starting at weaning at age 4 weeks, mortality,
mostly from hydrocephalus, increased to 60% (n=14), and when challenged from age 1 week,
mortality increased to 86% (n=14; p=0.002) (Figure 2C), with no difference by sex (p=0.44).

None of the WT mice died, but heterozygotes (n=15) with glycine challenge from 1 week had a

16
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20% mortality compared to none without treatment (n=47) or glycine started at age 4 weeks
(n=19; p=0.008) (Figure 2D). In the J129 mice, compared to untreated (n=23), glycine
challenge in mutant mice increased mortality to 50%, and was similar when the challenge was
initiated at 1 week (n=8) or 4 weeks (n=20; p=0.003) (Figure 2E). In glycine challenged J129
mice, none of the WT or heterozygote mice died (Figure 2F). Thus, glycine challenge
increased the mortality of the mutants in both strains. The cause of death in J129 mice was not
clear. Mice challenged with glycine at 10 weeks had normal blood count, electrolyte levels, and
liver and kidney function. These data indicate a specific postnatal vulnerability for glycine

toxicity in the mutant young mice with strain-related differences in severity.

3.4 Body weight gain is decreased upon weaning in mutant mice

The body weight of heterozygous and WT mice was similar at all time points in both sexes and
strains. In J129 in both sexes, the weight of mutant mice appears to trail that of WT mice in
both sexes (Figure 3A,B), albeit less apparent in B6 mice (Figure 3C,D). Mice who develop
hydrocephalus had very poor weight gain. On 5% glycine challenge starting after weaning at
age 4 weeks weight stagnated in mutant mice compared to WT and HET mice, and was
significantly lower for each weekly weight analysis in the J129 (Figure 3E,F) and B6 mice
(Figure 3G,H) for both sexes.

After transforming the weight at each week for each sex and strain to matched Z-scores,
the growth delays become evident. When both sexes were combined, in J129 the weights
were reduced in mutant mice compared to WT starting from the earliest time, and continued
after weaning but gradually the MUT mice caught up with WT mice in weight, and the

difference between WT and MUT was lost by age 8 weeks (Figure 4A). In B6 mice, prior to
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weaning the mean weight tended to be lower in mutant compared to WT mice, but the
difference was not statistically significant. After weaning at 4 weeks, the mutant mice had
significantly lower weight compared to WT and HET mice, but regained the weight and caught
up to the WT mice by 8 weeks of age (Figure 4B). This catch-up growth was more pronounced
in male compared to female mutant mice in both strains (Figure S1). These studies illustrate a
vulnerable period of weight delay for 5 weeks following weaning, more notable in J129 than in
B6 mice, with a most pronounced effect around 5 weeks of age. When comparing the weight at
age 5 weeks, in WT and HET animals, there was no impact of glycine challenge, but in MUT
animals in both sexes and in both strains, glycine-treated mice had lower body weight, and
further in B6 mice with hydrocephalus the weight was even lower (Figure S2). These data
further indicate that the glycine related toxicity in mutant young mice extends to weight gain as

well and confirm the age dependency of these effects.

3.5 Epilepsy and electroencephalographic recording

Epilepsy and encephalopathy are major symptoms in children affected with NKH, and we
evaluated if the MUT mice reflected these symptoms with continuous video-EEG at baseline
and glycine challenge. No epileptic events were observed over the 3-week period of
continuous video-EEG study in any of the mice. Combining both sexes and strains to compare
mutant with WT animals, the spike rate was higher though not significantly in the first week
(WT 27.5£4.5 vs. MUT 30.6£8.9, p=0.304) or in the second week (WT 26.3+4.5 vs. MUT
29.8+9.3, p=0.253) without treatment, but in the third week on glycine challenge, the spike rate
was significantly higher in mutant animals (WT 25.9+5.1 vs. MUT 35.3+5.1, p=0.011; Table

S4). The spike rate intercorrelated between the 3 weeks in the same animals (week 1 vs week
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2 Spearman p=0.677 p<0.001, and between week 1 and week 3 Spearman p=0.652 p<0.001;
week 2 versus week 3 Spearman p=0.795, p<0.001. This indicates that animals prone to high
spike rates do so similarly over the three 1-week recording periods. In MUT mice, the spike
rate was significantly higher in week 3 on glycine challenge than in weeks 1 (p=0.002) and 2
(p<0.001). Spike rate was not significantly different by sex or strain.

The spectral band strength for the intensities in the delta, alpha, beta, theta, and gamma
frequency ranges were evaluated for a 24-h period, and separately for a 2-h period each
during the day and the night. To evaluate for encephalopathic status, we focused on the
alpha/delta and the gamma/delta band strength ratio and compared between WT and mutant
mice. In the left cortex, the alpha/delta band intensity ratio was significantly lower in mutant
than in WT J129 mice during the 24-h period (Table 4), and also separately both in the day
and the night for 2-h periods (Table S5). The difference was smaller and not significant in B6
mice. The effect was stronger in female mice, and combining both strains of female mice
compared to WT, mutant mice had significantly lower alpha/delta band intensity ratio in the first
2 weeks (WK1 WT 1.02+0.12 vs MUT 0.67+0.12 p<0.001; WK2 WT 1.03+0.18 vs MUT
0.74+0.21 p=0.029) but in the third week on glycine the alpha/delta ratio decreased in both
groups resulting in the loss of the difference (WK3 WT 0.75+0.16 vs MUT 0.58+0.19 p=0.123).
In multifactorial univariate repeated measures analysis including genotype, sex, strain, and
week, the difference by genotype was also significant at p=0.012, with a larger difference in
J129 than in B6 (Table 5, Figure 5), with similar findings in the day and the night data (Table
S6). While the trend was lower in the right cortex, it did not reach significance (except for week
3 in female mice with both strains combined). In the left hippocampus the alpha/delta band

intensity ratio was lower in male and female B6 mice (reaching significance on univariate
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analysis) and male J129 mice, but surprisingly was higher in mutant female J129 mice,
including on univariate analysis (Table 4). This resulted in a significant difference in the
genotype by strain combination in the multifactorial analysis for all day (Table 5), and even
more strongly for the day and the night recordings separately (Table S6). The right
hippocampus mirrored these findings without reaching significance. Indeed, combining all
mutant mice a paired sample analysis confirmed the left-right differences in alpha/delta band
intensity ratio for the cortex with the left cortex having a significantly lower alpha/delta ratio
than the right in the first week WK1 Left 0.81+£0.21 vs. Right 0.92+0.28, p=0.05; but lost
significance in subsequent weeks (WK2 Left 0.86+0.21 vs Right 0.93+0.32 p=0.38; WK3 Left
0.70+0.21 vs Right 0.72+0.21 p=0.67). The alpha/delta band intensity ratio was not
significantly different in the hippocampus. This laterality difference was not present in the WT
mice. In the mutant mice, there were significant correlations between both sides in the cortex
(WK1 left-right Pearson R?=0.793 p=0.002, WK2 0.579 p=0.04, WK3 0.672 p=0.017), but not
the hippocampus. The alpha/delta ratio also correlated with the relative strength of the alpha
band compared to the combined strength of all bandwidths, but the differences between
mutant and WT mice were not significant for the ratio of the alpha band strength out of the total
band strengths (Table S7). The gamma/delta band ratio was not significantly different between
mutant and WT, and there was no relation between the alpha/delta ratio and the gamma/delta
band ratio (data not shown).

In combination, these data indicate a tendency towards increasing spike rate and a propensity
for an encephalopathic status with decreased alpha/delta ratio particularly in female J129 mice

(which had higher brain glycine levels).
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3.6 Neurocognitive and behavioral characterization

3.6.1 Open Field Test

The Open Field test evaluates general locomotor activity by recording the distance traveled,
velocity and location of the mouse, as well as anxiety-like behavior revealed by lower time
spent in the central portion of the box.5* On a multifactorial analysis, strain was the dominant
factor (F46.9, p<0.001), and B6 WT mice were considerably faster than J129 WT mice
(p<0.001; Figure S3A) and traveled almost twice the distance (p<0.001; Figure S3B).
Comparisons in the B6 mice did not identify significant differences for mutation status, but
multifactorial comparisons in the J129 mice showed a significant interaction of sex and
mutation status (F=4.95, p=0.03; Table S8). Indeed, in J129 males there was no difference in
velocity or distance, but the J129 female mutants had significantly lower velocity than WT
(6.6+£1.5 m/s vs 8.0+1.3 m/s, respectively, p=0.03; Figure S3A), and the distance traveled in
MUT was significantly decreased (median 4190 cm [IQR 3784-8603] vs. 7751 cm [IQR 5633-
9563], p=0.05; Figure S3B). Under glycine challenge, this difference by genotype in velocity
and distance was no longer present. B6 mice spent more time in the center area than J129
(median 241 s (IQR 182-280) vs. 95 s (IQR 45-163) p<0.001; Figure S3C). For B6 mice or
untreated J129 mice, there were no statistically significant differences by genotype or sex. For
glycine treated J129 mice, male mice spent more time in the center area than females
(F=11.181, p=0.003; Figure S3C), and mutants spent more time in the center area than WT,

but the difference was not statistically significant (F=4.229, p=0.052).

3.6.2 Y-maze spontaneous alternation test
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In the Y-maze, mice explored the 3 arms and the rate of correct alternation was determined
based on the first 20 choices (choosing the less recently visited arm). B6 mice were more
active than J129 mice as evidenced by a significantly greater number of animals completing
the task in the allotted 8 minutes than J129 mice (40/42 B6 mice versus 16/40 J129 mice not
treated with glycine (Chi-square p=0.0026) and 17/40 glycine-treated J129 mice). The rate of
correct alternations was also higher in B6 than in J129 mice (B6 median 65%, IQR 60-71% vs
J129 60%, IQR 51-67, p<0.01). In multifactorial ANOVA, the B6 mice had a small statistically
significant difference between WT and MUT in the percentage of correct alternations (F=4.2,
p=0.047) with a lower percentage of correct alternations in WT male mice than in the MUT
male mice (medians WT = 60%, MUT = 68%, p=0.011; Figure S4A). In J129 mice, there was a
strong difference by sex. Female MUT J129 mice explored less with decreased number of arm
entries (WT median 20, IQR 16.5-20, MUT median 14, IQR 9.25-20, p=0.013), but no
significant difference in the percentage of correct alternations (Figure S4B). Treatment with
glycine had no effect on these measures. In males, there was no difference by mutation, but
treatment with glycine resulted in a lower percentage of correct alternations (without glycine,

median 64%, IQR 60-69.5%, with glycine median 52.9%, IQR 40-65%; Figure S4B,C).

3.6.3 Contextual Fear Conditioning

In this test, freezing can occur in reaction to the foot shocks on day 1, or in anticipation of a
shock on day 2. Analysis was performed on 2-min time bins, to allow the characterization of
freezing before any shock (Day 1-1), after 2 shocks (Day 1-3), and in anticipation of the shock
(Day 2-1). Freezing to the shock was more pronounced in females than males (Figure S5). On

a repeated measures ANOVA, there was a significant difference for sex (female more than

22


https://doi.org/10.1101/2024.03.26.586818

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.26.586818; this version posted March 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

New Mouse Model of NKH Swanson et al.

male, p=0.012) but not of genotype (p=0.224), strain, or glycine challenge. This sex difference
was significant in the J129 mice not treated with glycine (Figure S5B, p=0.023). As expected,
freezing increased, particularly after the second shock compared to baseline (p<0.01 on
Friedman ANOVA). On multifactorial analysis of untreated mice on Day 1 after the first shock,
there was a difference by sex (F=7.2, p=0.009) and the difference by mutation status was not
significant (F=3.7, p=0.057); on Day1 after the second shock, there were differences by sex
(F=11.9, p<0.001) and strain (F=4.9, p=0.03), but not by mutation status. On Day 2, there were
differences by sex (p<0.03) in each period with females exhibiting more freezing, but there was
no difference by mutation status, or strain. The mutation did not impact the ability of mice to

acquire contextual conditioning, pointing to grossly normal hippocampal function.

3.6.4 Radial Arm Water Maze

On the Radial Arm Water Maze, most tested mice were able to learn the position of the hidden
platform as shown by the decrease in time to reach the platform in all groups (Figure S6A-C).
Six J129 mice that made no effort to reach the platform (floating behavior) were removed from
the analyses. The time to reach the platform (Figure S6A-C) and the number of errors were not
significantly different by mutation status (Figure S7A-C). For untreated mice, B6 mice
performed better than J129 mice, both in time to reach the platform and number of incorrect
arm entries (repeated measures ANOVAs, Tukey HSD post-hoc tests p<0.001 both for time to
reach the platform and for errors). The difference between WT and MUT mice was not
significant overall (repeated measures ANOVA, genotype effect p=0.43) or in either strain
(Tukey HSD for time to reach platform: p=0.92 for B6 [Figure S6A], p=0.98 for J129 [Figure

S6B); and for number of Errors: p=0.96 for B6 [Figure S7A), p=0.31 for J129 [Figure S7B)).
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Glycine challenge in J129 mice had no overall effect on the time to reach the platform
(repeated measures ANOVA for Latency, treatment effect p=0.12; for Errors p=0.42; Figures
S6C and S7C). Regardless of treatment, female J129 mice performed better than males
(Tukey HSD for time to reach platform p=0.009; for errors p=0.44). Specifically for female J129
mice, in the first five trials, the MUT mice did significantly worse for errors (4.90£1.32 vs
3.46%1.30, p=0.012) and a trend for time (41.66+11.64 vs 32.68+9.41, p=0.07). The number of
errors and the time to reach the platform intercorrelated for each time point (p>0.65, p<0.001).
These data further confirm that the mutation does not have an impact on memory function and

learning behavior, but does affect the effectiveness in female J129 mice.

4. DISCUSSION:
To be useful for studying a human condition, mouse models need to recapitulate translational
features of the human disease. Such similarities can then be exploited to study pathogenesis
or investigate new treatment options. As most treatments in human patients are expected to
start after birth, it is important to focus on symptom development after birth that could be
impacted by novel treatments. In mice it is imperative to recognize strain and sex differences.
Whereas past models only studied NKH models in C57BI6 mice,?4254142 we systematically
compared 2 strains and found substantial strain-related differences for symptoms pertinent to
NKH such as epilepsy, and motor and cognitive function.52-64

A mouse model of NKH with an attenuated variant was generated with reduced enzyme
activity in vivo and a partial reduction in steady state mutant protein levels, representing a
hypomorphic variant. The mechanism for the reduced in vivo protein levels remains to be

evaluated, with reduced stability of the mutant protein most likely, which could be used to test
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future potential chaperone molecules. Glycine levels were increased in blood and in brain
regions, more pronounced in the cerebellum than in the cortex or hippocampus, similar to what
has been observed in postmortem human brain.41%85 Young female J129 mice had higher
brain glycine levels than male J129 mice, which might impact symptomatology. Glycine levels
functionally related with development such as growth and brain formation, and with
neurophysiologic functioning such as electrophysiology and neurocognitive testing.

Similar to previous studies in B6 mice, fewer mutant mice were born than predicted for an
autosomal recessive condition, likely reflecting neural tube defects similar to previous
studies.?42542 The rate of these prenatal defects and the hydrocephalus rate were highly strain
dependent, being more prevalent in the B6 than the J129 strain. The B6 strain has a known
propensity for hydrocephalus (natural rate of 0.03%),56:67 which is exacerbated in all NKH
mouse models,?4254142 and in other models of folate one-carbon metabolism.®® Hydrocephalus
also occurs in up to 5% of severely affected human NKH patients,>36.68-70 hut neural tube
defects have not been reported.”* Hydrocephalus was linked to prenatal neural tube
defects,*?60 and is responsive to prenatal formate treatment.*14?> Here we show that
hydrocephalus was provoked by postnatal glycine challenge, and that this relates to the timing
of the glycine challenge with earlier exposure causing a greater rate of neural tube dysfunction.
The symptomatology of neural tube defects occurs in a developmental window between
postnatal weeks 4 and 12. The postnatal induction by glycine of these defects indicates that in
rodents this process is not a fixed prenatal malformation but rather a fluid developmental
condition that can be altered early postnatally, which is a new concept. Whether postnatal
treatment may be just as effective as prenatal treatment for the reduction of neural tube

defects or hydrocephalus remains to be explored. 24254142
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Further, we documented a developmental impact on weight gain in young mice particularly
noted after weaning. This developmental impact in young animals reflects the progressive
nature of the human disorder, which has the most striking progression of symptoms in the first
2 years of life.®72 Before weaning there appears to be more of an effect in J129 than in B6
mice, which we hypothesize might reflect the poorer rearing capacity of J129 female mice
compared to B6.72 It is not immediately evident if this growth delay reflects an encephalopathic
effect due to increased glycine, or a growth delay related to poor folate methylation. Glycine
challenge increased plasma and brain glycine levels more in mutant than in WT mice, resulting
in very high brain glycine levels in the mutant mice. The glycine challenge was associated with
poor weight gain, in addition to increased mortality without evidence of liver, kidney, or
electrolyte dysfunction. The reason for the impact of these levels on the failure to gain weight
remains to be explored. In humans not affected by NKH, exposure to high levels of glycine,
such as when receiving gamma globulins in a glycine buffer, is not associated with
symptoms,’# but in NKH patients increasing glycine levels results in lethargy. Surprisingly,
glycine-challenged mice did not exhibit decreased locomotor activity in the Open Field test
compared to unchallenged mice nor did they develop epilepsy.

Epilepsy is a key symptom of NKH in human patients, which partially improves upon
reducing glycine using benzoate therapy or ketogenic diet.52 While we did not observe signs
of epilepsy in our mice, there was an increase in the spontaneous rate of electrographic spikes
on EEG, and this increase was significantly exacerbated with glycine challenge. Determination
of the epileptic threshold could be a next step. A previous NKH mouse model had more

prolonged seizures following an electroconvulsive shock.383% Cross breeding the mutation to a
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strain with greater epilepsy propensity (e.g. DBA/2J) may provide a mouse model that better
recapitulates this feature in humans.

Human infants with NKH are very encephalopathic and sleepy.3® Glycine reduction through
benzoate or through a ketogenic diet increases wakefulness, thus providing a link to the
reduction of glycine to diminish the encephalopathic effect.?52%’> Female J129 mice, who have
higher brain cortex glycine levels, appeared to have a lower alpha/delta band intensity ratio on
EEG in the left cortex, reflecting a greater encephalopathic effect. Functionally, they moved
slower and traveled less in the Open Field test, explored the Y-maze test less, and had worse
initial performance on the Radial Arm Water Maze. These similar findings across multiple
testing platforms in the same subgroup supports the notion of an encephalopathic phenotype.
Thus, a logical next step would be to examine if glycine lowering conditions in these mice
improves these functional effects. For a sex-related difference in human NKH patients, an
initially reported higher mortality in females®® was not replicated in subsequent studies.56.76

As breeding affected mice resulted in a rapid loss of the more severe phenotype in a
previous mouse model of NKH,3” we only intercrossed asymptomatic heterozygous carriers.
This approach, combined with decreased birth rates and high mortality rates, made it difficult to
obtain large cohorts of NKH model mice for the behavioral studies. Therefore, behavioral
testing was performed on separate cohorts, sometimes separated by months, which is a
limitation of this study.

While our mouse model does not recapitulate all the symptoms of human NKH, it does
reflect the biochemistry, the impact on neural tube development such as hydrocephalus, some
measures of encephalopathy, and may have a propensity towards seizure-like activity. It does

not, however, show microspongiosis and does not develop spasticity and cortical blindness,
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which are devastating to human patients with severe NKH. Neither do these develop even with
a strong glycine challenge, nor have they been reported in any other NKH mouse model. A
study of these symptoms may require a different animal model, which is not unprecedented.
For instance, only rat models and not mice of creatine transporter defect and of Lesh-Nyhan
disease recapitulate the characteristic neurological symptoms,’”:’® and in galactosemia the rat,
but not the mouse, shows liver dysfunction.”® Because the mouse biochemistry reflects that in
the human patients, the mouse model can be used to explore therapeutic strategies such as
biochemical manipulations, gene therapeutic interventions, or even chaperone therapy given
the reduced mutant protein. The in-depth functional characterization of this mouse model will
allow investigators to evaluate how such therapies improve functional symptomatology such as
measures of brain growth, weight gain, encephalopathic status, and spontaneous spike rate on
EEG. The rigorous nature of this animal study controlled for strain effect, age for
developmental conditions such as in weight gain, and for sex with an impact on EEG and
Open Field test. Such systematic study has allowed us to uncover pertinent symptoms that
would otherwise have gone undetected. Moreover, the J129 strain exhibited encephalopathic
symptoms not recognized in the B6 strain. They indicate a potential developmental window
during which therapies could be most impactful.

Thus, the in-depth phenotyping of this mouse model provides the conditions required to
study the impact of new therapeutic interventions for NKH. The variety of symptomatology
recognized will allow for the evaluation of which symptoms may relat