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Abstract

Hyperphenylalaninemia (HPA) caused by hepatic phenylalanine hydroxylase (PAH) deficiency has severe conse-
quences on brain monoamine neurotransmitter metabolism. We have studied monoamine neurotransmitter status
and the effect of tetrahydrobiopterin (BHy4) treatment in Pah®™"*? (ENU1/2) mice, a model of partial PAH
deficiency. These mice exhibit elevated blood L-phenylalanine (L-Phe) concentrations similar to that of mild hyper-
phenylalaninemia (HPA), but brain levels of L-Phe are still ~5-fold elevated compared to wild-type. We found that
brain L-tyrosine, L-tryptophan, BH,4 cofactor and catecholamine concentrations, and brain tyrosine hydroxylase (TH)
activity were normal in these mice but that brain serotonin, 5-hydroxyindolacetic acid (SHIAA) and 3-methoxy-4-
hydroxyphenylglycol (MHPG) content, and brain TH protein, as well as tryptophan hydroxylase type 2 (TPH2)
protein levels and activity were reduced in comparison to wild-type mice. Parenteral L-Phe loading conditions did
not lead to significant changes in brain neurometabolite concentrations. Remarkably, enteral BH, treatment, which
normalized brain L-Phe levels in ENUI1/2 mice, lead to only partial recovery of brain serotonin and SHIAA
concentrations. Furthermore, indirect evidence indicated that the GTP cyclohydrolase I (GTPCH) feedback regulatory
protein (GFRP) complex may be a sensor for brain L-Phe elevation to ameliorate the toxic effects of HPA. We
conclude that BH, treatment of HPA toward systemic L-Phe lowering reverses elevated brain L-Phe content but the
recovery of TPH2 protein and activity as well as serotonin levels is suboptimal, indicating that patients with mild
HPA and mood problems (depression or anxiety) treated with the current diet may benefit from supplementation with
BH, and 5-OH-tryptophan.
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Abbreviations

PAH phenylalanine hydroxylase

LNAA  large neutral amino acid

BH,4 6R—L-erythro-5,6,7,8-tetrahydrobiopterin
GTPCH GTP cyclohydrolase 1

GFRP GTPCH feedback regulatory protein (gene Gchfi)
HPA hyperphenylalaninemia

PKU phenylketonuria

L-Phe L-phenylalanine

TH tyrosine hydroxylase

TPH tryptophan hydroxylase

L-Dopa L-3,4-dihydroxyphenylalanine

30MD  3-o-methyldopa

HVA homovanillic acid

SHTP 5-hydroxytryptophan

SHIAA  5-hydroxyindolacetic acid

MHPG  3-methoxy-4-hydroxyphenylglycol
Introduction

Classical hyperphenylalaninemia (HPA), caused by autosomal
recessive defects in hepatic phenylalanine hydroxylase (PAH,
EC 1.14.16.1), leads to reduced L-phenylalanine (L-Phe) degra-
dation and thus systemic HPA or phenylketonuria (PKU, OMIM
261600) with severe consequences on brain monoamine neuro-
transmitter metabolism (Blau et al 2010; Donlon et al 2015). The
severity of PKU is classified by the level of HPA with normal
peripheral blood L-Phe concentrations ranging from 50 to
110 pmol/L and, based on a commonly accepted classification,
mild HPA ranging from 120 to 600 pmol/L, mild PKU ranging
from 600 to 1200 pwmol/L, and classic PKU for concentrations
above 1200 pumol/L (Blau et al 2010). This differentiation is
mainly determined by the molecular defect in the PAH gene that
is primarily expressed in liver but also in kidneys (Lichter-
Konecki et al 1999; Heintz et al 2013). Thus, a mutation-
associated decrease in protein stability appears as the key deter-
minant for phenotypic outcome in PKU (Pey et al 2007; Gersting
et al 2008; Wettstein et al 2015). However, other factors may
modulate the outcome, including interallelic complementation,
as a consistent genotype-phenotype correlation based on the
combination of recessive genomic mutations is still missing
(Heintz et al 2013; Wettstein et al 2015; Shen et al 2016).
Furthermore, an elevated blood L-Phe concentration does not
elicit any known adverse effects in peripheral organs, including
liver, despite the fact that an amyloidosis-like etiology for PKU
has been suggested in brain tissue based on the L-Phe assembly
at high concentrations into toxic fibrils (Adler-Abramovich et al
2012). Supplementation with the PAH cofactor
tetrahydrobiopterin (BHy4) is an approved therapeutic approach
for about 20-30% of PKU patients, notably those with mild HPA
and mild PKU (Kure et al 1999; Heintz et al 2013). Investigating
the corrective effects of BH, supplementation is relevant to
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further understand the molecular mechanisms in BH4-responsive
PKU and for patient management. Extensive characterization of
the hepatic PAH reaction, also exploiting mouse models, has
previously revealed that the most relevant mechanisms at the
molecular level are the increased intracellular cofactor concentra-
tion (kinetic or Michaelis-Menten effect) and the pharmacologi-
cal chaperone effect on mild PKU mutations (Erlandsen et al
2004; Lagler et al 2010; Sarkissian et al 2012; Heintz et al 2013).

Yet, despite intensive investigations, there are many as-
pects of HPA or PKU that are unclear, notably the molecular
mechanisms for neurotoxic effect of HPA and the pathophys-
iology to explain the neurological damage of PKU patients
remains elusive. Evidence for an inverse relationship between
blood L-Phe and monoamine neurotransmitter metabolites has
been found in human autopsies and cerebral fluid (CSF) sam-
ples, but also in the Pah*"“?’*"*? (hereafter designated
ENU2/2) mouse model of PKU with blood L-Phe levels
>1200 pmo/L (McKean 1972; Curtius et al 1981; Guttler
and Lou 1986; Lykkelund et al 1988; Puglisi-Allegra et al
2000; Pascucci et al 2002). Other brain changes and patholo-
gies in patients or in the PKU mouse model ENU2/2 are re-
duced brain concentrations of large neutral amino acids,
hypomyelination, gliosis of central nervous system white mat-
ter, and reduction of cerebral protein synthesis (Pietz et al
1999; Smith and Kang 2000; Joseph and Dyer 2003;
Hoeksma et al 2009) (for an overview see (de Groot et al
2010)). Most studies point to the neuronal pathology being
mainly associated with alteration of relevant (brain) enzymatic
activities, such as tyrosine hydroxylase (TH) and the brain
specific tryptophan hydroxylase type 2 (TPH2), responsible
for monoamine neurotransmitter biosynthesis (catechol-
amines and serotonin, respectively). The inverse relationship
between blood L-Phe and monoamine neurotransmitters and
their metabolite concentrations has in fact been associated
with the saturation of the blood-brain-barrier transport of large
neutral amino acids by L-Phe, which would lead to a reduction
in the other amino acids, and notably L-Tyr, the substrate of
TH, has been emphasized (van Spronsen et al 2009). In addi-
tion, the high concentration of L-Phe itself inhibits TH activity
without altering TH gene expression but reduces the amount
of TH protein (Joseph and Dyer 2003; Oh et al 2005; Ogawa
and Ichinose 2006; Park et al 2009; Winn et al 2017). THP2
activity is also inhibited by elevated L-Phe levels, in fact more
strongly than TH activity (Ogawa and Ichinose 2006). Earlier
studies on the effect of brain metabolites following L-Phe-
restricted diet in mice reported a partial but not complete re-
covery of monoamine neurotransmitters metabolites, which
may be explained by the lack of 5-OH-Trp and L-Dopa sup-
plementation together with the L-Phe restricted diet (Pascucci
et al 2009; Pascucci et al 2012). Actually, a high level of
circulating L-Phe was reported to correlate with neurological
deterioration at any age despite dietary treatment during child-
hood (Joseph and Dyer 2003).
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However, little is known on the neurometabolic changes in
mild HPA and mild PKU. The ENU1/2 mouse was originally
described as a heteroallelic orthologous model that exhibits
partial liver PAH deficiency and blood L-Phe concentrations
characteristic of mild HPA (< 600 umol/L) (Sarkissian et al
2000). Thus, the mouse represents a good model for a large
number of patients, which are compound heterozygous for a
severe and a mild mutation. Besides, we have previously re-
ported on the hepatic molecular changes and BHy-cofactor
responsiveness of the ENU1/2 genetic mouse model with
blood L-Phe concentrations <600 pumol/L, characteristic of
mild HPA (Sarkissian et al 2012). Here we present brain anal-
yses from this ENU1/2 mouse compared with wild-type mice.
Our results point toward a more critically compromised sero-
tonin metabolism in the brain of mild HPA mice models com-
pared to the disturbance in catecholamine metabolism.

Materials, methods, and animal husbandry
Animal experiments and molecular analysis of brain

Animal experiments were carried out in accordance with the
guidelines and policies of the Canadian Council on Animal
Care, or the State Veterinary Office of Zurich and Swiss law
on animal protection, the Swiss Federal Act on Animal
Protection (1978), and the Swiss Animal Protection
Ordinance (1981). All animal studies presented here received
approval from the Animal Care Committee Review Board at
McGill University in Canada or the State of Zurich. The stud-
ies were performed with ENU1/2 mutant or wild-type mice all
on C57BL/6 background. For all mice experiments, including
wild-type controls, we used littermates, and the age of mice
was between 10 and 20 weeks (fertile adults). To determine
blood L-Phe levels, mice were fasted for 4-6 h prior to blood
withdrawal from tail vein. Mice on L-Phe administration re-
ceived 1.1 mg/g [L-Phe/body weight], which was adminis-
tered on day 1 via a subcutaneous (s.c.) bolus on the animal’s
lower back. Blood samples were collected from the tail vein of
all animals, 1 h prior to, and 30 min and 1 h (upon termination)
post-time of L-Phe administration. Blood samples were col-
lected on filter cards and amino acid quantification was done
using a standard tandem mass spectrometry method (Rebuffat
et al 2010). Whole mouse brains were removed from killed
animals and immediately shock-frozen in liquid nitrogen.
Before preparing tissue extracts, the entire brains were pulver-
ized in metal nuts that were pre-cooled in liquid nitrogen and
by drilling bolts from both sides.

Mice on BH, treatment received enteral doses, once daily
via a 22-gauge gavage needle, directly to the stomach as de-
scribed in Sarkissian et al 2012. Briefly, BH, (50 mg/kg/day),
suspended in a solution of 11 mg/kg/day ascorbic acid and 5%
dimethyl sulfoxide (DMSQO), was administered to ENU1/2

mice under standard dietary condition. The control ENU1/2
animals received the buffer solution (11 mg/kg ascorbic acid
and 5% DMSO only) and were otherwise treated as above.

Preparation of brain extracts for determination of BH,
and monoamine neurotransmitters, enzyme activity
measurements, and immuno-quantification

Tissue extracts were prepared by homogenization in either 4 x
volumes (immunodetection and TH or TPH enzyme activities;
see below) or 10 x volumes (for BH, and neurotransmitter
metabolites and GTPCH/GFPR assay) of 50 mM Tris-HCI,
pH 7.5, 100 mM KCIl, 1 mM EDTA, 1 mM DTT, 1 uM
leupeptin, 1 1M pepstatin, and 200 uM phenylmethylsulfonyl
fluoride with a Tissue Lyser I (100-240 V, 50/60 Hz; Qiagen),
with 5 mm beads (Qiagen) in two consecutive shaking steps
with 20 Hz at 4 °C for 90 s. Extracts were clarified by centri-
fugation at 15,000 g for 20 min at 4 °C. Supernatants were
stored in liquid nitrogen prior to use, with the exception of
GTPCH activity which was measured immediately after pro-
ducing the lysate. Protein concentration was measured using
the M-TP Mikroprotein kit from Beckman Coulter Synchron
LX-System (Beckman Coulter Inc., Brea, CA; kit-no.
445860). Measurements of pterin, monoamine neurotransmit-
ters, and their metabolites were performed as reported
(Elzaouk et al 2003; Blau and Thony 2008). Note that
DOPAC concentrations were in our samples below or at limit
of detection of the method we used and therefore were not
reported.

mRNA quantification

Total RNA was isolated from brain powder with the QIAamp
RNA Blood Mini Kit from QIAGEN and translated to cDNA
with the Reverse Transcription system from Promega.
Quantification of mouse Gchl-mRNA, Gcehfi-mRNA, Th-
mRNA, Tphl-mRNA, and Tph2-mRNA by RT-qPCR was
performed as described using the commercially available
ABI assays (Calvo et al 2010; Sarkissian et al 2012).
Numbers are Mm00447546_ml for Th-mRNA, NCBI
RefSeq NM_009377.1; Mm00493798 ml for Tphl-mRNA,
NCBI RefSeq NM_001136084.1 and NM 009414.2;
MmO00557717 _m1 for Tph2-mRNA, NCBI RefSeq
NM 173391.2; for control, the murine Gapdh gene was used,
ABI assay ID: Mm99999915 ¢gl; NCBI RefSeq
NM 008084.2). Values were normalized relative to Gapdh-
mRNA of the control group as described (Livak and
Schmittgen 2001).

Immunodetection

Brain extracts were prepared by homogenization in four vol-
umes of 50 mM Tris-HCI, pH 7.5, 100 mM KCI, 1 mM
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EDTA, 1 mM DTT, 200 uM PMSF, and protease inhibitor
cocktail (Roche). Extracts were clarified by centrifugation
at 20,000xg for 15 min at 4 °C. Free amino acids and
contaminants of low molecular weight were removed from
the supernatants using Zebra Desalt Spin columns (Thermo
Scientific), and then the supernatants were stored in liquid
nitrogen prior to use. Protein concentration was measured
by the Bradford method or by Direct Detect Spectrometer
(Merck Millipore). Quantification of TH and TPH2 protein
was performed by Western blot analyses after SDS-PAGE
(10% acrylamide) with 10-20 pg total protein in each lane,
and transfer to nitrocellulose membrane and immunostain-
ing using affinity-purified polyclonal rabbit anti-rat TH
(Fisher Scientific) in a 1:1000 dilution or rabbit polyclonal
anti-mouse TPH2 (Santa Cruz biotechnology) in a 1:300
dilution, used as the primary antibodies. Secondary anti-
body was goat anti-rabbit IgG (H + L) horseradish peroxi-
dase conjugate (Bio-Rad) in a 1:2000 dilution. As a load-
ing control, a polyclonal antibody against glyceraldehyde
3-phosphate dehydrogenase (GAPDH; Abcam) was used
for immunostaining of the membrane. Purified recombi-
nant human TH and TPH2 (10 ng/lane) were used as stan-
dard for immune-quantification. Detection was performed
by enhanced chemiluminescence, and immune-
quantification in a Molecular Image (Bio-Rad) using
Image Lab 3.01 software (Calvo et al 2010).

Enzyme assays

Tyrosine hydroxylase (TH) and tryptophan hydroxylase
(TPH) activities were assayed at 30 °C for the brain extract
as described (Reinhard Jr et al 1986) using an incubation
mixture containing 100 mM Na-HEPES, pH 7.0, 50 uM
L-[3,5-3H]-tyrosine or 50 uM L-[3,5-3H]-trypt0phan,
0.05 mg/ml catalase, and 10 uM ferrous ammonium sulphate.
The enzyme was pre-incubated for 1 min in this mixture, and
reaction started by addition of 500 uM BH,4 and 5 mM DTT.
The reaction was stopped after 30 min by addition of a slurry
of activated charcoal in 1 M HCI. After centrifugation at
10,000%g, the supernatant was counted in a scintillation coun-
ter. Tryptophan hydroxylase (TPH) activity was assayed at
30 °C for the brain extract as described (Calvo et al 2010)
using an incubation mixture containing 100 mM Na-
HEPES, pH 7.0, 50 uM L-[3,5-*H]-tryptophan, 0.05 mg/ml
catalase, and 20 uM ferrous ammonium sulphate. The enzyme
was pre-incubated for 1 min in this mixture, and reaction
started by addition of 500 uM BH4 and 5 mM DTT. The
reaction was stopped after 20-30 min by addition of a slurry
of activated charcoal in 1 M HCI. After centrifugation at
10,000xg, the supernatant was counted in a scintillation
counter.

GTP cyclohydrolase 1 (GTPCH) activity was measured as
described (Blau and Thony 2008). To inhibit GTPCH activity

@ Springer

in extracts of mouse brain, 2,4-diamino-6-hydroxypyrimidine
(DAHP; Enzo Life Sciences) was added as indicated to a fixed
amount of extract or homogenate, containing between 50 and
100 pg of protein. For DAHP titration, a 10 mM solution of
DAHP was prepared in homogenization buffer (50 mM Tris-
HCI, pH 7.5, 100 mM KCI, 1 mM EDTA, 1 mM DTT).

Statistical methods

For statistical analyses, two-way analyses of variance
(ANOVA) was used with either genotype and sex or sex and
treatment as between-subjects factors. We considered p < 0.05
as statistically significant. Statistical analyses were performed
using GraphPad Prism™ (version 6, San Diego) software.

Results

Phenylalanine, tyrosine, and BH, in brain of ENU1/2
mice

We previously reported on the mechanism of BH,-responsive-
ness in the ENU1/2 mouse model of mild/cofactor-responsive
HPA where we found that (oral) BH, supplementation in-
creased hepaticL-Phe hydroxylation through a kinetic rather
than chaperone stabilizing effect (Sarkissian et al 2012). Here
we present brain analysis of ENU1/2 treated and untreated in
the same manner. Treatment of ENU1/2 mice included BH4
loading (50 mg/kg/day for 10 days (Sarkissian et al 2012)).
For comparison, L-Phe levels in blood in untreated and treated
wild-type and ENU1/2 mice are presented in Fig. la. L-Phe
level in brain of wild-type mice, whether they were under
fasting or L-Phe loading conditions, was 0.53 +0.02 nmol/
mg protein, and ENU1/2 mice had fourfold elevated brain
L-Phe levels (1.98 £0.31 nmol/mg) when untreated, and
roughly sixfold elevated (3.23 +0.77 nmol/mg protein) under
L-Phe loading (see values normalized vs. wild-type control in
Fig. 1b). The elevation of L-Phe in non L-Phe treated ENU1/2
compared to wild-type mice completely normalized upon BHy
treatment in blood (Fig. 1a) and, remarkably, in brain (Fig.
1b). We observed lower brain L-Phe levels in ENU1/2 mice
when treated with BH, than in wild-type, independent of
whether wild-type mice were treated with cofactor or not
(p=0.016), which is in agreement with what we observed in
liver (Sarkissian et al 2012). On the other hand, we found
statistically no significant differences in brain L-Tyr concen-
trations under any conditions studied (Fig. 1b).

As depicted in Fig. 2, brain BH, levels were unchanged in
wild-type (defined as 100%) and in ENU1/2 mice, even under
oral L-Phe loading conditions. On the other hand BH, treat-
ment resulted in an elevation of the cofactor in brain of wild-
type animals, as previously shown (Thony et al 2008). We
also observed a trend for higher cofactor levels in BHy-treated
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Fig. 1 Blood L-Phe and L-Phe and L-Tyr content in brain of wild-type
and ENU1/2 mice; effect of L-Phe administration and BH, treatment.
a Blood L-Phe values (from dried blood spots) are shown for comparison
(“+ L-Phe” corresponds to 1 h after a single s.c. dose of L-Phe of 1.1 mg/
kg; n= 10 for wild-type untreated and n =5 for all other groups). b Brain

ENU1/2 but differences were not significant, most probably
due to the higher inter-individual variability that we measured
in these HPA mice (Fig. 2), and the number of mice we had
could be too low for the high biological variance. The con-
centration of brain neopterin, the oxidized and dephosphory-
lated intermediate product of GTPCH, remained below
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Fig. 2 Brain BH, levels in wild-type and ENU1/2; effect of L-Phe ad-
ministration and BH, treatment. BH, levels are shown as % of wild-type
controls. Every group represents determinations from four to ten individ-
ual mice. Note that the absolute values of brain BH, concentrations were
determined in two different groups: wild-type compared to ENU1/2: 17.6

+2.6 pmol/mg in wild-type (defined as 100 +21%), compared to 17.2 +

2.6 pmol/mg in wild-type L-Phe treated (97 +£20%), 17.4 +2.6 pmol/mg
in ENU1/2 untreated (99 +21%), and 18.8 + 3.8 pmol/mg in ENU1/2L-
Phe treated (107 +27%). Data on BH, supplemented mice were obtained
after loading with 50 mg/kg/day for 10-12 days, with the exception of
wild-type mice that were loaded with 20 mg/kg/day (which leads to a
61% increase of brain BH, over control; n =4 to 10 mice per group). For
statistical analyses, two-way ANOVA test was used; **, p <0.005
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L-Phe and L-Tyr content, normalized to wild-type control. We measured
0.53 £0.02 nmol L-Phe/mg protein and 0.32 +0.04 nmol L-Tyr/mg
protein in untreated wild-type mice, which were defined as “1”; n.a.,
not available (n=5 for all groups). For statistical analyses, two-way
ANOVA test was used; **, p < 0.005

1 pmol/mg in all animals and under all conditions (data not
shown).

Effect of HPA and BH, supplementation
on monoamine neurotransmitter and metabolites
in brain of ENU1/2 mice

The metabolites of the brain serotonin and catecholamine
pathways in untreated and L-Phe and/or BHy-treated ENU1/
2 mice, compared to wild-type, are summarized in Fig. 3. Note
that the neurochemical analyses were done on whole brain
rather than on specific brain areas. We found reduced seroto-
nin, SHIAA, and MHPG levels in ENU1/2 mice compared to
wild-type, while catecholamine neurotransmitters were not
affected (Fig. 3a). L-Phe administration did not lead to any
remarkable change in neurotransmitter levels (Fig. 3a).
Furthermore, the BH, treatment in ENU1/2 did not result in
substantial alteration of brain neurotransmitter metabolites,
though a trend for increased levels was observed, notably for
serotonin and SHIAA (Fig. 3b), most probably as a result of
the normalization of brain L-Phe upon BH, supplementation
(Fig. 1b).

HPA compromises TH and TPH2 levels and activity

As discussed in the Introduction, previous studies have in-
dicated that total TH can be reduced and inhibited under
conditions of severe HPA, which might be the mechanism
underlying catecholamine neurotransmitter depletion in this
disease (Joseph and Dyer 2003; Oh et al 2005; Ogawa and
Ichinose 2006; Park et al 2009). We thus characterized the

@ Springer



J Inherit Metab Dis (2018) 41:709-718

714
a
3.0
P
*
*%
0 25 * —
% *k
E'.:. 2.0 4
oz
2 15
£¢
ES T T -[
oS 10 i
gg
Q
[=J
L 0.5 l
o
0.0 -

ENU1/2 +L-Phe ENU1/2 WT +L-Phe WT

Fig. 3 Biogenic amine metabolites in the brain of wild-type and ENU1/2;
effect of L-Phe administration and BH, treatment. The neurotransmitter
metabolites, as shown in the insert, are depicted relative to wild-type
values, which are defined as 1. a Comparison of wild-type to ENU1/2:
“+ L-Phe” corresponds to 1 h after a single s.c. dose of L-Phe of 1.1 mg/
kg. b Data on BH, supplemented ENU1/2 mice were obtained after

effect of HPA on the levels of TH and TPH activity, and of
the levels of neuronal TH and TPH2 proteins in brain ex-
tracts of ENU1/2 and wild-type mice. We measured a trend
for decreased TH protein and activity between WT and
ENU1/2, both treated and untreated with BH,, with signif-
icant differences only measured for TH protein (Fig. 4).
Furthermore, significant differences were measured for
TPH2 protein level and activity, which was reduced in the
HPA mouse model while Th-, Tphl, and Tph2-mRNA
levels were not altered (Table 1). Besides, BH, treatment
did not elicit any corrective effect on TPH2 protein and
activity levels (Fig. 4).

3.0

TH activity

TH protein/GAPDH
TPH activity o
TPH2 protein/GAPDH

S
Eest

2.5 4

%

2.0

1.5 1

1.0

Values relative to WT

0.5

0.0

ENU1/2+BH, ENU1/2 WT+BH,

Fig. 4 TH and TPH2 protein and activity in the brain of wild-type and
ENU1/2 mice; effect of BH, treatment. TH protein is measured as the
density of the ~60 immunoquantified kDa band and TPH2, as the density
ofthe ~61 kDa band, both relative to the intensity of the GAPDH band in
whole brain extracts, whereas the activity was measured as indicated in
Materials, methods, and animal husbandry. All values are related to those
in untreated wild-type (defined as 1). For statistical analyses, two-way
ANOVA test was used; *, p<0.05 (n=5 to 8 for all groups)
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loading with 50 mg/kg/day for 10—12 days. For statistical analyses,
two-way ANOVA test was used (n=5 to 8§ for all groups); *, p<0.05;
** p<0.005. Abbreviations: L-Dopa, L-3,4-dihydroxyphenylalanine;
30MD, 3-o-methyldopa; HVA, homovanillic acid; SHTP, 5-
hydroxytryptophan; SHIAA, 5-hydroxyindolacetic acid; MHPG, 3-
methoxy-4-hydroxyphenylglycol

HPA induces up-regulation of GTPCH-GFPR
expression

In liver, the de novo biosynthesis of BH, is thought to be
regulated by the GTP cyclohydrolase I (GTPCH) feedback
regulatory protein (GFRP) complex (Harada et al 1993;
Werner et al 2011), and at least in serotonin neurons, BH,
biosynthesis was reported to be regulated by the GFRP
(Kapatos et al 1999). We thus analyzed the relative gene ex-
pression levels of Gchl-mRNA and Gchfi-mRNA, encoding
GTPCH and GFRP, respectively, in ENU1/2 in brain and, for
comparison, in liver of the same animals (Table 2). As previ-
ously reported, we found no change of Gchfi- gene expression
(relative to Gapdh-mRNA) in liver of ENU1/2 mice
(Sarkissian et al 2012). In whole brain extracts of mice, rela-
tive Gehfi-mRNA (as well as Gehl-mRNA) expression was
between 50 to 100-fold lower compared to liver in all animals,
confirming that GFRP has a much lower overall expression
level in the brain compared to liver (see Discussion).
However, in brain, we found that Gchfr-mRNA, but not
Gchl-mRNA, expression was 3—4-fold elevated in ENU1/2
mice independent of L-Phe loading (Table 2). At the same
time, BH, loading in wild-type and ENU1/2 mice lowered
Gehfr-mRNA expression by maximally a factor of 2 (not
shown). Using a GTPCH enzyme activity assay with whole
brain extracts, we did not see any difference between ENU1/2
and wild-type mice. We thus examined a putative up-
regulation of the GTPCH activity via the GTPCH-GFRP com-
plex in whole brain extracts of ENU1/2 mice. Although our
antibody against GFRP detected the 9.7 kDa protein in crude
liver extracts upon Western blot analysis (SZ2309 in Fig. S2 in
(Sarkissian et al 2012)), we were not able to identify GFRP in
extracts from whole mouse brain (not shown). Again this
might reflect the relatively low expression level of GFRP in
these whole brain extracts. An alternative way to assess the
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Table 1 Relative 74-mRNA,

Tphl-mRNA, and Tph2-mRNA Genotype L-Phe Th Tphl Tph2

quantification in whole brain of

ENU1/2 and wild-type mice upon Wild-type (n=10) 1.00 (0.54-1.85) 0.02 (0.01-0.03) 0.01 (0.01-0.03)

L-Phe administration Wild-type (n=10) yes 0.82 (0.42-1.61) 0.03 (0.01-0.05) 0.02 (0.01-0.07)
ENU1/2 (n=38) 0.91 (0.47-1.77) 0.03 (0.02—-0.06) 0.01 (0.00-0.07)
ENU1/2 (n=28) yes 0.87 (0.40-1.91) 0.05 (0.02-0.13) 0.02 (0.01-0.07)

Gene expression was normalized to Gapdh-mRNA and given relative to Th, which was defined as 1 (in bold; see
Materials, methods, and animal husbandry for details)

amount (and activity) of GFPR is to measure the response of
GTPCH enzymatic activity in the presence of 2,4-diamino-6-
hydroxypyrimidine (DAHP). DAHP is a specific inhibitor of
GTPCH activity that was found to interact via the GFRP in the
GTPCH-GFRP complex (Kolinsky and Gross 2004). We thus
performed GTPCH activity assays in the presence of increas-
ing amounts of DAHP with crude brain extracts from either
wild-type or ENU1/2 mice. The corresponding titration curves
are shown in Fig. 5 where we found no significantly increased
GTPCH activity in ENU1/2 mice compared to wild-type mice
with normal L-Phe levels. Such behavior could possibly be
interpreted as a moderately elevated expression of GFRP — as
a consequence of the up-regulated Gehfi—mRNA expression
— requiring more DAHP to inhibit GTPCH activity. Since
homozygous ENU2/2 (PKU) mice exhibit much higher sys-
temic L-Phe levels, we performed the same assay with brain
extracts from mutant and control mice and found a significant
difference, i.e., elevated GTPCH activity in brain lysates of
ENU2/2 mice (see Suppl. Fig. S1). In summary, this assay
showed indirectly increased expression of the GFRP in re-
sponse to high L-Phe levels at least in ENU2/2 (PKU) mice,
and that neuronal up-regulation of GTPCH activity may op-
erate via the GTPCH-GFRP complex.

Discussion
We have previously investigated the mechanism of BHy-re-

sponsiveness in the ENU1/2 mouse model of mild/cofactor-
responsive HPA, where (oral) BH, supplementation increased

hepatic L-Phe hydroxylation through a kinetic rather than
chaperon stabilizing effect (Sarkissian et al 2012). There is
to our knowledge no previous brain investigation in ENU1/2
mice, except for blood L-Phe values that were published to
exhibit twofold elevation compared to wild-type (Sarkissian
et al 2000). The here presented analysis was performed at
1.5 h after the L-Phe loading although the kinetics of potential
changes in brain neurotransmitter metabolites following a L-
Phe challenge are to our knowledge not known. Our present
whole brain analysis of BHy-treated and untreated ENU1/2
mice lead to major unprecedented observations. ENU1/2
show a significant elevation of L-Phe in brain even in the
absence of L-Phe administration. Thus, ENU1/2 mice present-
ed a fourfold elevation of brain L-Phe under fasting conditions
and sixfold elevation upon L-Phe administration (Fig. 1b),
concomitant with abnormal neurotransmitter metabolites in
brain (serotonin, SHIAA, and MHPG; Fig. 3), while plasma
L-Phe levels were only mildly or insignificantly elevated, at
least under fasting conditions (Fig. 1). A less dramatic but also
a non-linear correlation between plasma and brain L-Phe
values were described in HPA patients using proton magnetic
resonance spectroscopy (Moller et al 2000).

Our results also indicate a reduction of TH and TPH2,
serotonin and its metabolites in ENU1/2 compared to
wild-type mice. It is largely established that classic, un-
treated PKU leads to a decrease in monoamine neuro-
transmitters, notably explained by a reduction of L-Tyr
and L-Trp in brain (Blau et al 2010) and by the compet-
itive inhibition of neuronal TH and TPH2 activity by L-
Phe (Ogawa and Ichinose 2006). Furthermore, a direct

Table 2 Relative Gehl-mRNA

and Gehfi-mRNA quantification Genotype L-Phe  Brain Liver
in whole brain and liver extracts
of ENU1/2 and wild-type mice Gchl-mRNA Gcehfr-mRNA Gchl-mRNA Gehfr-mRNA
upon L-Phe administration
Wild-type (n=10) 1.00 (0.67-1.50)  1.00 (0.67-1.49) 1.00 (0.80-1.25)  1.00 (0.82-1.23)

Wild-type (n=10)  yes
ENU1/2 (n=38)
ENU1/2 (n=8) yes

1.13 (0.82-1.55)
1.25 (0.80-1.95)
1.19 (0.69-2.05)

1.21 (0.76-1.93)
4.17 (2.68-6.49)
3.32(1.38-7.97)

0.95 (0.83-1.15)
0.81 (0.60-1.11)
0.81 (0.6 3-1.06)

1.08 (0.87-1.33)
1.17 (1.10-1.26)
1.15 (1.04-1.27)

Gene expression was normalized to Gapdh-mRNA and given relative to Gchl or Gehfi in wild-type, which was
defined as 1 (in bold). See Materials, methods, and animal husbandry for details
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Fig. 5 Inhibition of GPTCH activity by 2,4,-diamino-6-
hydroxypyrimidine (DAHP) in crude brain extracts from either wild-
type or ENU1/2 mice. Activity was assayed as the quantity of 7,8,-
dihydroneopterin triphosphate produced by 80 pg of brain extract from
either wild-type or ENU1/2 mice in the presence of increasing amounts of
added DAHP. Assays were performed in triplicates (n = 3 mice per group)

effect of classic PKU on brain TH protein levels has also
been shown (Joseph and Dyer 2003; Oh et al 2005; Park
et al 2009). However, less is known about the effects of
mild HPA upon TPH2 protein and activity levels, and
upon the dopaminergic and serotonergic pathways. In this
work, using the ENU1/2 model of mild HPA, we observed
that their fourfold elevation of brain Phe was associated
with a significant decrease in TPH2 protein and activity,
and reduced levels of serotonin and its metabolites. BHy-
responsive HPA in these mice — as demonstrated by a
decrease in blood-Phe levels — has been described previ-
ously (Sarkissian et al 2012), but here we show complete
normalization of brain L-Phe levels following BH,-treat-
ment. A trend was also observed for increased mono-
amine neurotransmitters in ENU1/2 mice, indicating the
importance of treating patients with mild forms of HPA
and PKU. Despite the modest increase in blood Phe levels
in ENU1/2 compared with wild-type mice, L-Phe is effec-
tively elevated in brain, most probably through the action
of the blood-brain barrier large neutral amino acid
(LNAA) transporter, which shows high affinity for
LNAA and causes the competition among LNAA for en-
tering the brain (Cansev and Wurtman 2007). However,
the dominant L-Phe transport does not seem to largely
affect the transport of other LNAA than L-Phe in ENU1/
2 mice, as seen by the comparative L-Tyr values (Fig. 1b),
further supporting that the reduced serotonin levels in this
mice model is related to the inhibitory effect of L-Phe on
TPH2 (Ogawa and Ichinose 2006; Winn et al 2017). We
have previously shown that BH, supplementation in-
creases the cofactor levels in liver, where it stimulates
PAH activity (Sarkissian et al 2012). As seen in this work,

@ Springer

moderately increased expression in brain of GFRP in re-
sponse to elevated L-Phe levels. Neuronal up-regulation of
GTPCH activity is thought to operate via the GTPCH-
GFRP complex, as has been described in liver (Harada
et al 1993). The hepatic GTPCH-GFRP complex is a
known sensor for BH, and L-Phe, thereby regulating the
de novo biosynthesis of the BH,-cofactor via feedback in-
hibition or stimulation, respectively (Werner et al 2011).
Gcehfr-mRNA expression was reported to also be abun-
dantly present in (rat) brain, specifically in serotonin neu-
rons but undetectable in dopaminergic neurons (Kapatos
et al 1999). However, regulation of the GPTCH-GFRP
complex in the brain has not been fully elucidated. Park
et al reported in 2009 gene expression profiling in brain of
hyperphenylalaninemic ENU2/2 mice but up-regulation of
Gcehfr-mRNA was not detected, although a very limited
number of mice were investigated in that study (see
Discussion in (Park et al 2009)). Nevertheless, modulation
of GTPCH activity by regulated gene expression and/or
post-translational regulation involving, among others, in-
teraction via GFRP in specific brain sub-regions or neuro-
nal cell types has been postulated by several authors (for an
overview see (Werner et al 2011)). Although the detailed
mechanism and location of this regulation needs further
analyses, we suggest that the GTPCH-GFRP complex is
also up-regulated in the brain as it is in the liver in response
to L-Phe elevation (Harada et al 1993). Elevated L-Phe
would thus result in elevated GTPCH enzyme activity
and BH4-cofactor biosynthesis in the brain which may
have a positive effect on brain TH and THP2 activity to
synthesize L-Dopa and serotonin, respectively. Further
studies are required to support this hypothesis.
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