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Abstract High glycine (GLY) levels have been suggested to
induce neurotoxic effects in the central nervous system of
patients with nonketotic hyperglycinemia (NKH). Since the
mechanisms involved in the neuropathophysiology of NKH
are not totally established, we evaluated the effect of a single
intracerebroventricular administration of GLY on the content
of proteins involved in neuronal damage and inflammatory
response, as well as on the phosphorylation of the MAPK
p38, ERK1/2, and JNK in rat striatum and cerebral cortex.
We also examined glial fibrillary acidic protein (GFAP) stain-
ing, a marker of glial reactivity. The parameters were analyzed
30 min or 24 h after GLY administration. GLY decreased Tau
phosphorylation in striatum and cerebral cortex 30 min and
24 h after its administration. On the other hand, synaptophysin
levels were decreased in striatum at 30 min and in cerebral
cortex at 24 h after GLY injection. GLY also decreased the
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phosphorylation of p38, ERK1/2, and JNK 30 min after its
administration in both brain structures. Moreover, GLY-
induced decrease of p38 phosphorylation in striatum was at-
tenuated by N-methyl-D-aspartate receptor antagonist MK-
801. In contrast, synuclein, NF-kB, ikB, inducible nitric oxide
synthase and nitrotyrosine content, and GFAP immunostain-
ing were not altered by GLY infusion. It may be presumed that
the decreased phosphorylation of MAPK associated with al-
terations of markers of neuronal injury induced by GLY may
contribute to the neurological dysfunction observed in NKH.

Keywords Nonketotic hyperglycinemia - Glycine - MAPK -
Neuronal damage - Rat brain

Introduction

Nonketotic hyperglycinemia (NKH) is an autosomal recessive
inborn error of metabolism caused by the deficient activity of
glycine (GLY) cleavage system (GCS), which is the main cat-
abolic pathway for GLY. This deficiency leads to the accumu-
lation of GLY in cerebrospinal fluid (CSF), plasma, and tissues
of affected patients, with a high CSF/plasma ratio. GCS is an
intramitochondrial enzyme complex formed by P-, H-, T-, and
L-protein. In the reaction, the P-protein decarboxylates GLY to
release carbon dioxide and transfers the aminomethyl group to a
lipoate on the H-protein. The H-protein interacts with T-protein
that releases ammonia and forms methylenetetrahydrofolate.
The last step consists in the reoxidation of reduced lipoate on
H-protein by the L-protein.

Classical NKH is the most severe and frequent phenotype
of'this disorder and it is reported that 70—75% of patients with
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this phenotype have a mutation in GLDC gene that encodes
the P-protein [1-3]. Symptoms of classical NKH appear neo-
natally with lethargy, myoclonic jerks, muscular hypotonia,
and apnea that frequently lead to coma and death. Surviving
individuals have profound neurological impairment and in-
tractable seizures [3—5]. Cerebral MRI findings include pro-
gressive brain atrophy, hypoplasia of the corpus callosum,
gliosis, and vacuolating myelinopathy [6-8].

The pathogenesis of the neurological dysfunction observed
in NKH has been attributed to the accumulation of GLY in the
brain of affected patients. In this context, it was showed that an
increased CSF/plasma GLY ratio correlates with the severity
of the disorder [2]. Moreover, previous reports suggested that
GLY induces excitotoxic damage, since this molecule is a co-
agonist of N-methyl-D-aspartate (NMDA) glutamate receptor
[9-13]. This is in line with data showing that the NMDA
receptor antagonist MK-801 prevents bioenergetics dysfunc-
tion caused by GLY in the brain of rats [14]. It was further
demonstrated that GLY alters redox homeostasis and provokes
glial reactivity in brain of rats [15—18]. Nevertheless, the exact
pathomechanisms underlying the brain abnormalities ob-
served in NKH are not yet fully established.

Regarding excitotoxicity, it is well known that this event leads
to a cascade of deleterious intracellular effects that include calci-
um overload with consequent dysregulation of several signaling
pathways, such as the mitogen-activated protein kinases
(MAPK), oxidative stress, and energy metabolism impairment
that may lead to neuronal damage [19-21]. Since GLY is sug-
gested to cause excitotoxicity, in the present work, we evaluated
the in vivo influence of GLY intracerebroventricular (ICV) ad-
ministration on the phosphorylation of Tau protein and the
MAPK p38, ERK1/2, and JNK, as well as on the content of
synaptophysin and «-synuclein in the striatum and cerebral cor-
tex of young rats. We also determined the content of NF-«B, ikB,
inducible nitric oxide synthase (iNOS), and nitrotyrosine, pro-
teins involved in inflammatory response, and glial fibrillary acid-
ic protein (GFAP) staining, a marker of glial reactivity after GLY
injection.

Material and Methods
Animals and Reagents

Thirty-day-old Wistar rats obtained from the Central Animal
House of the Department of Biochemistry, ICBS, Universidade
Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil, were
used. The animals were maintained on a 12:12 h light/dark cycle
(lights on 07:00-19:00 h) in an air-conditioned constant temper-
ature (22 + 1 °C) colony room, with free access to water and 20%
(w/w) protein commercial chow (SUPRA, Porto Alegre, RS,
Brazil). All reagents used were of analytical grade and purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). The
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experiments were approved by the local Animal Ethics
Commission (Universidade Federal do Rio Grande do Sul) under
the number 23787 and the National Animal Rights Regulations
(Law 11.794/2008). The guidelines of National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH publication no. 80-23, revised 1996) and Directive
2010/63/EU were followed. All efforts were made to minimize
the number of animals used and their suffering.

GLY Administration

The rats were deeply anesthetized with equitesine
(3.33 mL kg ', intraperitoneally-ip), which is a mixture of
0.25 M chloral hydrate, 88 mM magnesium sulfate
heptahydrate, 10 mg mL™" sodium thiopental, 5.8 M propyl-
ene glycol, and 2.0 M ethanol, and thereafter placed in a ste-
reotaxic apparatus. Two small holes were drilled in the skull,
and 2 pL of a 2.5-M GLY solution (5 pmol in a final volume
of 2 uL) or NaCl (control) at the same volume and concentra-
tion (each solution was prepared in water and pH was adjusted
to 7.4 with NaOH) was slowly injected bilaterally over 3 min
into each lateral ventricle via a needle connected by a poly-
ethylene tube to a 10-uL Hamilton syringe. The needle was
left in place for another 1 min before being gently removed.
The coordinates for injection were as follows: 0.6 mm poste-
rior to the bregma, 1.1 mm lateral to the midline, and 3.2 mm
ventral from dura [22]. The correct position of the needle was
tested by injecting 0.5 puL of 4% methylene blue injection
(prepared in saline solution) and carrying out histological
analysis. In the experiment performed to evaluate the role of
the NMDA glutamate receptor in GLY effects, the animals
received a single injection of MK-801 (dizocilpine;
0.25 mg kg ', ip) [23] 30 min before GLY injection.

Preparation of Samples and Western Blot Analysis

The rats were euthanized by decapitation 30 min or 24 h after
GLY injection without anesthesia and had their brain rapidly
excised on a Petri dish placed on ice. Striatum and cerebral
cortex were homogenized in a RIPA buffer containing prote-
ase and phosphatase inhibitors (1 mM sodium orthovanadate,
1 mM aprotinin, and 1% protease inhibitor cocktail) and cen-
trifuged at 10,000g for 10 min at 4 °C. Supernatant protein
concentrations were determined by the method of Bradford
[24], then denaturated in 4x Laemli buffer (250 mM Tris,
8% SDS, 40% glycerol, and 0.002% bromophenol blue, pH
6.7) and 10% 2-mercaptoethanol. These samples were then
heated at 98 °C for 5 min and equal amounts of protein
(30 pg/well) were fractionated by SDS-PAGE and electro-
blotted onto nitrocellulose membranes. Protein loading and
electro-blotting efficiency were verified through Ponceau S
staining. Afterwards, the membrane was blocked with 5%
albumin prepared with Tween-Tris-buffered saline (TTBS;
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100 mM Tris-HCI, pH 7.6, containing 70 mM NaCl, and 0.1%
Tween-20), incubated overnight at 4 °C with the primary an-
tibodies diluted at 1:1000 in TTBS (anti-p38, anti-phospho-
p38, anti-ERK1/2, anti-phospho-ERK1/2, anti-Tau, anti-
phospho-Tau, anti-IkBx, and anti-synaptophysin were pur-
chased from Cell Signaling Technology; anti-JNK and anti-
phospho-JNK from R&D systems; anti-(3-actin from Sigma-
Aldrich Co.; and anti-x-synuclein, anti-NF-kB p105/p50, and
anti-INOS from Abcam), and washed with TTBS. The mem-
brane was incubated with anti-IgG from mouse or rabbit (ac-
cording to the species that originated the primary antibody)
linked to a peroxidase for 2 h at room temperature (1:1000—
10,000 dilution range) and washed with TTBS again. The
immunoreactivity was detected by enhanced chemilumines-
cence using Millipore Immobilon™ Western chemilumines-
cent HRP substrate in a CCD camera. Densitometric analysis
of the membranes or films was performed with the ImageJ
software (Bethesda, MD). Blots were developed to be linear
in the range used for densitometry.
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Fig. 2 Effect of intracerebral administration of glycine (5 pmol) on the
content of synaptophysin in striatum (a) and cerebral cortex (b) of young
rats. Rats were euthanized 24 h after glycine injection. Representative

Cerebral cortex
Immunohistochemical Studies

After GLY administration, animals were anesthetized with an
ip injection of a mixture of ketamine (80 mg kg ') and
xylazine (10 mg kg ') until complete unresponsiveness to
nociceptive stimuli and then transcardially perfused with
0.4% sodium citrate prepared in 0.9% saline and 4% parafor-
maldehyde (PFA) prepared in 0.1 M phosphate buffer, pH 7.4,
to fix the brain. Fixed brains were removed, post-fixed by
immersion in PFA during 24 h and then sectioned on a vibrat-
ing microtome to obtain 30—50 pm thick consecutive coronal
series. Immunohistochemistry was performed in the striatum
and cerebral cortex sections of rats euthanized 30 min after
GLY administration. For each animal and staining procedure,
three to six equivalent sections were immunostained. Free-
floating sections were washed with PBS, submitted to antigen
retrieval by boiling in 10 mM sodium citrate, pH 6.0. After
10 min cooling down, the sections were shaken for 20 min in
sodium citrate and then washed three times with PBS for
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immunoblots are shown as mean + SD for four independent
experiments (animals) normalized by f3-actin content. *P < 0.05, com-
pared to control (Student’s ¢ test for unpaired samples)
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10 min. The slices were then permeabilized with PBS plus
0.3% Triton X-100 (PBST) for 20 min and treated with
blocking buffer (PBST and 5% bovine serum albumin) for
1 h. Afterwards, slices were incubated with the antibody
anti-GFAP (Sigma-Aldrich Co., 1:300) diluted in PBST.
After a 4 °C overnight incubation, sections were rinsed in
PBS and incubated at room temperature for 2 h with a sec-
ondary antibody (1:500) conjugated to fluorescent probes
(Molecular Probes). Sections were then washed, mounted
using fluoroshield (Sigma-Aldrich Co.), and imaged in a
FV300 Olympus confocal microscope provided with 488-
and 546-nm lasers. Primary or secondary antibodies were
omitted in negative controls [25].

Nitrotyrosine Content

Aliquots of cerebral cortex (50 pg) or striatum (45 ug)
homogenates prepared in PBS buffer, pH 7.4, were
added to an ELISA plate and incubated during 24 h
for the proteins to adhere to the well. The plate was
washed three times with TTBS and incubated overnight

at 4 °C with anti-nitrotyrosine antibody (1:2000,
Abcam). Afterwards, the plate was washed with TTBS
again and incubated with rabbit IgG peroxidase-linked
secondary antibody (1:1000) for 1 h. Two hundred mi-
croliters of tetramethylbenzidine (TMB) substrate solu-
tion was added, and after a 15-min incubation, the re-
action was stopped with 50 puL of 12 M sulfuric acid.
The colorimetric product was measured at 450 nm.

Data Normalization and Statistical Analysis

Sample protein content was quantified for data normalization
according to the Bradford method [24]. Data were analyzed
using the Student’s ¢ test for unpaired samples or one-way
analysis of variance (ANOVA) followed by the Duncan mul-
tiple range test when the F value was significant with the
GraphPad 5.0 software. Only significant values are shown in
the text. Differences between groups were rated significant at
P <0.05. All data presented here are the result of three or more
independent experiments.
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Results

GLY Administration Decreases Synaptophysin Content
and Tau Protein Phosphorylation in Rat Brain

We investigated the effects of GLY ICV administration on the
levels of synaptophysin, a membrane protein of pre-synaptic
vesicles, in rat striatum and cerebral cortex. GLY significantly
decreased synaptophysin levels in the striatum at 30 min
[t6) = 2.5, P < 0.05] (Fig.1) and in cerebral cortex at 24 h
[t = —2.503, P < 0.05] (Fig. 2) after the injection. In contrast,
GLY did not alter the levels of synuclein, another synaptic
protein, in the cerebral cortex and striatum 30 min after its
injection (data not shown). The influence of GLY on the phos-
phorylation of Tau, a protein involved in the regulation of cell
microtubule dynamics and stability, was also examined. It can
be observed in Figs. 3 and 4 that GLY decreased Tau phosphor-
ylation in the striatum and cerebral cortex 30 min [striatum,
te) = 3.755; P < 0.01; cerebral cortex, #4 = 3.340, P < 0.05]
(Fig. 3) and 24 h [striatum, t4) = 3.628; P < 0.05; cerebral
cortex, ts) = 5.152, P < 0.01] (Fig. 4) after its injection.

GLY Does Not Alter NF-«kB, ikB, iINOS, and Nitrotyrosine
Content in Rat Brain

In order to check whether high levels of GLY could elicit
inflammation in brain, we assessed the influence of GLY on
the content of NF-kB (Fig.5), ikB (Fig.5), iNOS (Fig.6), and
nitrotyrosine (Fig.6). We found that GLY did not alter the
levels of NF-kB and ikB in the striatum and of iNOS and
nitrotyrosine in the cerebral cortex and striatum 30 min after
its injection, suggesting that this amino acid does not cause
neuroinflammation.

GLY Administration Decreases MAPK Phosphorylation
in Rat Brain

We next examined the effects of GLY administration on the
protein content of the MAPK p38, ERK1/2, and JNK. Our
results demonstrate that GLY decreased the phosphorylation
of p38, ERK1/2, and JNK in the striatum [p38, 75, = 5.576;
P <0.01; ERK1/2, t = 13.37; P < 0.001; INK, 5, = 4.903;
P < 0.01] (Fig.7) and cerebral cortex [p38, #,) = 3.768;
P <0.01; ERK1/2, £5 = 2.968; P < 0.05; INK, #) = 9.086;
P <0.001] (Fig.8) 30 min after GLY injection.

NMDA Receptor Antagonist MK-801 Prevents
GLY-Induced Decrease of the Phosphorylation of p38
in Rat Striatum

We then evaluated the influence of the pre-treatment with the
NMDA antagonist MK-801 on GLY-induced decrease of p38
phosphorylation once it was showed that GLY exerts

excitotoxicity via NMDA receptor [9-13] and that MAPK
activities may be influenced by this receptor [26, 27]. We
verified that MK-801 prevented p38 phosphorylation decrease
caused by GLY in striatum 30 min after its administration
[F2s = 6.191; P < 0.05] (Fig.9), suggesting that this
MAPK is altered by GLY via NMDA receptor stimulation.

GLY Administration Does Not Alter GFAP Staining in Rat
Brain

The effect of GLY administration on GFAP in the striatum and
cerebral cortex was further investigated. We found that GLY

Control Glycine
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Fig. 5 Effect of intracerebral administration of glycine (5 pmol) on the
content of NF-«kB and ikB in striatum of young rats. Rats were euthanized
30 min after glycine injection. Representative immunoblots are shown as
mean + SD for three to four independent experiments (animals). No
significant alterations were verified
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did not alter this parameter in the brain regions evaluated
30 min after the injection (Fig. 10), implying that this amino
acid does not cause glial reactivity.

Discussion

Patients affected by NKH usually present in the neonatal
period lethargy, hypotonia, and seizures, whose

a Control Glycine b

pathophysiology is not yet established. However, previous
data demonstrated that high levels of GLY cause
excitotoxicity via NMDA receptor overstimulation, induce
oxidative stress, and bioenergetics dysfunction in rat brain
[2, 14, 17, 28, 29]. Aiming to better clarify the
pathomechanisms involved in NKH, in the present study, we
investigated the in vivo effects of GLY administration on pro-
teins involved in neuronal damage, inflammatory response,
and MAPK signaling pathways in the brain of rats.
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Fig. 7 Effect of intracerebral administration of glycine (5 pmol) on the
content of the mitogen-activated protein kinases (MAPK) p38 (a),
ERK1/2 (b), and JNK (¢) in striatum of young rats. Rats were
euthanized 30 min after glycine injection. Representative immunoblots
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Fig. 8 Effect of intracerebral administration of glycine (5 umol) on the
content of the mitogen-activated protein kinases (MAPK) p38 (a), ERK1/
2 (b), and JNK (c¢) in cerebral cortex of young rats. Rats were euthanized
30 min after glycine injection. Representative immunoblots are shown as

We first evaluated the effect of GLY on the content of
the synaptic proteins synaptophysin and «-synuclein and
verified that this amino acid only decreased the levels of
synaptophysin in the striatum and cerebral cortex. It is
well known that synaptophysin is an abundant integral
membrane protein of pre-synaptic vesicles essential for
the formation and maintenance of synapses, regulation
of neurotransmitter release, and synaptic plasticity
[30-32], thus having a crucial role in cognitive function.
Furthermore, previous studies showed that synaptophysin
is downregulated in response to stress conditions, leading
to impairment of synaptic integrity [33, 34] and that the

Control Glycine MK-801 + Glycine
38 G A — o ——— - 42 kDa
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Fig. 9 Effect of MK-801 (0.25 mg kg ") on glycine (5 umol)-induced
p38 phosphorylation decrease in striatum of young rats. Rats were
euthanized 30 min after glycine injection. Representative immunoblots
are shown as mean + SD for three independent experiments (animals).
*P < 0.05, compared to control (Duncan multiple range test)

Cerebral cortex

Cerebral cortex

mean + SD for three to four independent experiments (animals).
*P < 0.05, **P < 0.01, ***P < 0.001, compared to control (Student’s ¢
test for unpaired samples)

lack of synaptophysin causes cognitive and learning def-
icits in knockout mice [35, 36]. GLY also decreased the
phosphorylation of Tau, a protein involved in the out-
growth of neural processes, axonal transport, development
of neuronal polarity, and maintenance of normal neuron
morphology [37, 38]. Although we did not study the
mechanisms involved in Tau phosphorylation decrease, it
is conceivable that it occurred via oxidative stress once
Zambrano et al. [39] showed that hydrogen peroxide de-
creases Tau phosphorylation in rat hippocampus cells. It
should be emphasized here that previous findings from
our group demonstrated that GLY increases reactive spe-
cies production in vitro and in vivo in rat brain [15, 17,
18]. These observations imply that alterations in
synaptophysin content and Tau phosphorylation may be
involved in the neurological dysfunction of NKH.
Considering that Tau protein is a substrate for MAPK
and that the activity of these kinases may be modulated
by NMDA receptor overstimulation and/or reactive spe-
cies [27, 40-42], we assessed the effect of GLY on the
phosphorylation of p38, ERK1/2, and JNK. GLY de-
creased the phosphorylation of the three MAPK in rat
brain, which is in accordance with our results showing
a decrease in the phosphorylation of Tau protein caused
by GLY. It is of note that dysregulation of MAPK
signaling pathways was observed in different models
of neurological disorders also characterized by
excitotoxicity, oxidative stress, and bioenergetics dys-
function, such as Alzheimer’s disease [43], schizophrenia
[44, 45], depression [46—48], and mental retardation [49].
The effect of the NMDA receptor antagonist MK-801 on
GLY-induced decrease of p38 phosphorylation was then ex-
amined once the activation of this receptor may trigger alter-
ations in the phosphorylation status of the MAPK [42, 50] and
p38 is reported to mediate the pathogenesis of glutamate
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Control

Striatum

Fig. 10 Effect of intracerebral administration of glycine (5 pmol) on glial
fibrillary acidic protein (GFAP) immunofluorescence staining in striatum
(a) and cerebral cortex (b) of young rats. Rats were euthanized 30 min

excitotoxicity [51, 52]. We indeed found that MK-801
prevented the decrease of p38 phosphorylation, indicating that
NMDA receptor is involved in this effect. This is in line with
the data reported by Wang et al. [47] showing that high calci-
um influx induced by chronic hypoxia provokes ERK (also a
MAPK) dephosphorylation. The same report also verified that
this alteration was prevented by the NMDA receptor antago-
nist memantine [47], reinforcing the view that MAPK activity
is influenced by this receptor. It should be further considered
here that NMDA receptor stimulation may be associated with
a decrease in the phosphorylation of cytoskeletal proteins,
such as Tau [38, 53, 54]. So, it can be assumed that GLY
induces a decrease in p38 phosphorylation via NMDA recep-
tor stimulation that leads to a reduced phosphorylation of Tau.

GLY did not change the levels of NF-kB, ikB, iNOS,
and nitrotyrosine in the brain. Considering that the
NF-kB pathway with consequent iNOS activation and
nitrotyrosine formation is activated during pro-
inflammatory responses in monocytes and macrophages
[55, 56], our findings indicate that GLY does not elicit
neuroinflammation in young rats. Moreover, the fact
that GLY does not alter nitrotyrosine content corrobo-
rates the data reported by Seminotti et al. [57] demon-
strating that a single GLY intrastriatal administration
does not affect nitrate and nitrite content in rat striatum.

Brain abnormalities observed in patients affected by
NKH consist of progressive cortical brain atrophy with
gliosis [7, 58]. In this particular, it was previously dem-
onstrated that GLY administration induces glial reactivi-
ty in brain of neonatal rats [18]. However, in the pres-
ent study, no alterations were found in GFAP levels.
Although these results seem controversial, it should be
noted that the data from the literature showed induction
of glial reactivity by GLY 5 days after its administration
into the brain of newborn rats [18], while in the present
study, we analyzed this parameter 30 min after the in-
jection of GLY in brain of young rats. Taken together,
these observations indicate that the newborn rat brain is
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Cerebral cortex

after glycine injection. Representative images were obtained from three
independent experiments (animals) per group. GFAP is shown with mag-
nification of 40x (scale bar of 200 pm)

more susceptible to GLY neurotoxic effects than the
young rat brain.

In conclusion, this is the first report showing that GLY
alters MAPK signaling pathways and causes neuronal dam-
age. Our data also provide evidence that these alterations are
elicited by GLY via NMDA receptor stimulation, thus rein-
forcing the view that the use of NMDA receptor antagonists is
beneficial for patients affected by NKH [59-61].
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