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Abstract

Phenylketonuria (PKU), if not detected and treated in new-
borns, causes severe neurological dysfunction and cognitive
and behavioral deficiencies. Despite the biochemical charac-
terization of PKU, the molecular mechanisms underlying PKU-
associated brain dysfunction remain poorly understood. The
aim of this study was to gain insights into the pathogenesis of
this neurological damage by analyzing protein expression
profiles in brain tissue of Black and Tan BRachyury-PahEnu2
mice (a mouse model of PKU). We compared the cerebral
protein expression of homozygous PKU mice with that of their
heterozygous counterparts using two-dimensional difference
gel electrophoresis analysis, and identified 21 differentially
expressed proteins, four of which were over-expressed and 17
under-expressed. An in silico bioinformatic approach indicated
that protein under-expression was related to neuronal differ-
entiation and dendritic growth, and to such neurological

Phenylketonuria (PKU, OMIM: 261600) and its hyper-
phenylalaninemia (HPA) variants represent the most common
inherited disorders of amino acid metabolism (Blau ez al.
2010; Mitchell et al. 2011). The primary cause of PKU is lack
of phenylalanine hydroxylase (PAH, EC 1.14.16.1), the
enzyme that in liver metabolizes L-phenylalanine (L-Phe) to
L-tyrosine (L-Tyr) using 6R-L-erythro-5,6,7,8-tetrahydrobi-
opterin (BH4) as essential cofactor. To date, more than 600
PAH gene mutations have been discovered (http://www.pahdb.
mcgill.ca) and characterized (Daniele et al. 2006; Scriver
2007; Daniele et al. 2008, 2009). The gene mutations affect
many protein properties, namely, enzymatic activity,

disorders as progressive motor neuropathy and movement
disorders. Moreover, functional annotation analyses showed
that some identified proteins were involved in oxidative
metabolism. To further investigate the proteins involved in
the neurological damage, we validated two of the proteins that
were most strikingly under-expressed, namely, Syn2 and
Dpysl2, which are involved in synaptic function and neuro-
transmission. We found that Glu2/3 and NR1 receptor subun-
its were over-expressed in PKU mouse brain. Our results
indicate that differential expression of these proteins may be
associated with the processes underlying PKU brain dysfunc-
tion, namely, decreased synaptic plasticity and impaired
neurotransmission.
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oligomerization equilibrium, thermal stability, and folding
(Cerreto et al. 2011; Shi et al. 2012) thereby allowing predic-
tion of the biochemical phenotype (Dobrowolski et al. 2009).

In untreated PKU patients, Phe concentrations in blood
and tissues are high, while tyrosine concentrations are low-
to-normal (Elsas et al. 2011; Demirkol et al. 2011). Accu-
mulation of phenylalanine and its metabolites results in a
variety of symptoms, including hypopigmentation of skin
and hair, growth failure, and behavioral abnormalities (Pietz
1998; Gonzalez et al. 2011). The symptoms of classic PKU
are most prominent in the brain (van Spronsen et al. 2009;
Anderson and Leuzzi 2010). Untreated patients with PKU
have a lower brain weight, impaired myelination, early
myelin degeneration, and lack of neuronal maturation
(Martynyuk et al. 2005; van Spronsen et al. 2009).

At present, prevention of the major symptoms of the
disease, including mental retardation, consists of severe
restriction of Phe intake (MacDonald et al. 2011). Patients
treated directly after birth have a more or less normal
outcome. If dietary Phe restriction is not observed from birth,
HPA leads to brain damage with severe and irreversible
mental retardation, microcephaly, and other neurological
abnormalities (Scriver and Kaufman 2001). Because the
adverse effect of high levels of Phe on nervous tissue is
progressive, it is recommended that PKU patients adhere to a
low phenylalanine diet throughout their lives (Seashore et al.
1985). Patients who respond to BH4 can be treated with BH4
supplementation (Michals-Matalon et al. 2007; Ziesch et al.
2012). New therapeutic approaches, from gene therapy to
potential therapeutic compounds, are being tested (van
Spronsen and Enns 2010; Bélanger-Quintana er al. 2011,
Cerreto et al. 2012).

Despite the extensive biochemical characterization of
PKU, the mechanism by which HPA results in brain
dysfunction is not yet understood. The advent of the murine
PKU model, the Black and Tan BRachyury (BTBR)-
PahEnu2 mouse, opened the possibility of studying the
development of brain damage in PKU. In fact, it has been
found that PKU mice show symptoms similar to those of
human PKU patients with HPA, hypopigmentation, and
neurobiological abnormalities (Embury et al. 2007; de Groot
et al. 2010; Martynyuk et al. 2010; Cerreto et al. 2012).

In this study, we analyzed the protein expression profiles
in brain tissue of BTBR-PahEnu2 mice in comparison to
those in normal heterozygous (HTZ) mouse brain to
determine the pathological changes involved in phenylala-
nine-induced neurological damage and to identify markers
associated with the neurological damage.

Materials and methods

Mice treatment and sample preparation
PKU mice [homozygous, HTZ BTBR-PahEnu2 and wild-type (WT)
mice] were housed in small groups (n = 4-5) in standard cages
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under controlled conditions of temperature (22 + 1°C) and with
alternating 12 h of light/dark. Mice were fed a diet containing
18.0% protein without Phe restriction (4RFU; Mucedola s.r.1, Milan,
Italy) and water was provided without limits (Cerreto et al. 2012).
Mice were maintained in these conditions throughout the experi-
mental period and killed at age 12 weeks. A total of 17 male and
female mice were used. All experiments were conducted in
conformity with protocols approved by the Veterinary Department
of the Italian Ministry of Health and in accordance with the ethical
and safety rules and guidelines for the use of animals in biomedical
research set-out in the relevant Italian laws and European Union
directives (n. 86/609/EC). BTBR-PahEnu2 mice were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA).

Protein extraction

Brains collected from homozygous PKU mice and their HTZ
littermates were stored at —80°C. For each group, four mice (two
females and two males) were used. Brains were homogenized in a
buffer containing 7 M Urea, 2 M Thiourea, 4% 3-[(3-Cholamido-
propyl)dimethylammonium]-1-propanesulfonate, 30 mM Tris-HCI
pH 7.5 and protease inhibitor mix (GE Healthcare, Piscataway, NJ,
USA). Brain tissues were disrupted using a pre-chilled Dounce
homogenizer and centrifuged at 16 000 g at 4°C for 30 min.
Proteins were then precipitated and cleaned using the Ettan 2-D
Clean-up Kit (GE Healthcare) following the manufacturer’s instruc-
tions. Protein samples were resuspended in lysis buffer and protein
concentration was determined by 2-D Quant Kit (GE Healthcare)
using bovine serum albumin as the standard.

Two-dimensional difference gel electrophoresis

The pH of protein samples was adjusted to 8.5 to optimize
fluorescent labeling. Protein extracts (50 pg) from four different
biological replicates of PKU mouse and control mouse brains were
labeled separately with 400 pmol of Cy3 and Cy5. A mix of equal
amounts of all samples under analysis was labeled with Cy2 and
used as internal standard for quantitative comparisons. Labeling
reactions were performed as described previously (Imperlini ef al.
2010). To avoid differences because of staining efficiency, we
swapped the dyes between the pairs of biological replicates as
reported in Table 1.

The samples, mixed as described in Table 1, were loaded on
24-cm-long immobilized pH gradient strips with a 3-10 NL pH
range (GE Healthcare) with the anodic cup-loading method. The
first-dimension isoelectric focusing was carried out as described
previously (Imperlini et al. 2010). After focusing, proteins were
reduced and alkylated. Then, the strips were over-layered on 10%
polyacrylamide gels (20 x 24 cm) and the second dimension was
carried out for 18 h at 2 W per gel using an Ettan Dalt Twelve
system (GE Healthcare).

Table 1 2D DIGE experimental design

Gel Cy3 (50 pg) Cy5 (50 pg) Cy2 (50 pg)

Pooled standard
Pooled standard
Pooled standard
Pooled standard

Control - replicate 1
Control - replicate 3
PKU - replicate 1
PKU — replicate 3

PKU - replicate 2
PKU - replicate 4
Control — replicate 2
Control — replicate 4

AW N =
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Analysis of gel images

Gels were scanned using a Typhoon 9400 scanner (GE Healthcare).
Fluorescence-labeled proteins were visualized at the following
excitation/emission wavelengths: 532/580 nm for Cy3, 633/670 nm
for Cy5, and 488/520 nm for Cy2, selecting parameters to prevent
pixel saturation. Images were analyzed using the DeCyder software
suite, version 5.02 (GE Healthcare) in batch processing mode as
described previously (Corbo et al. 2012). Each spot intensity was
expressed as mean of four standard abundances calculated for the
four gels reported in Table 1. Spot intensities were then compared in
the two conditions under analysis: PKU mice and control mice. The
statistical significance of differences in spot intensity was deter-
mined by Student’s 7-test. Only protein spots with fold changes of at
least 1.20 in volume (p < 0.05) after normalization were considered
significantly altered. We verified the accuracy of spot matching by
manual investigation.

In-gel protein digestion

Two different preparative gels were prepared and the second
dimension was performed using 0.75 mg of protein extracts from
the control and PKU mouse brains. Preparative gels were stained as
described previously (Corbo et al. 2012). Protein spots of interest
were picked, using an Ettan Spot Picker (GE Healthcare), from the
gels and washed in 50 mM ammonium bicarbonate, pH 8.5 and 50%
acetonitrile until completely dehydrated. Gel pieces were subse-
quently hydrolyzed with a modified trypsin preparation (Sigma-
Aldrich, Saint Louis, MO, USA) as described previously (Imperlini
et al. 2013).

MS analysis and protein identification

Peptide mixtures were analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) using the LC/MSD Trap XCT
Ultra (Agilent Technologies, Palo Alto, CA, USA) equipped with an
1100 HPLC system and a chip cube (Agilent Technologies). After
loading, the peptide mixture was concentrated and washed at 4 pL/
min in a 40-nL enrichment column (Agilent Technologies chip).
The sample was then separated on an RP Cl18 column
(75 pm x 43 mm) as described previously (Colavita et al. 2010).
Peptides were analyzed using LC/MSD Trap software 6.0 for data
acquisition (Agilent Technologies). Mascot software (Matrix Sci-
ence, London, UK) was used for protein database searching. The
searches were performed using the NCBI database and the following
standard parameters: Mus musculus; one missed cleavage; carboxy-
amidomethylation of Cys, partial Met oxidation and putative
modification of Gln to pyro-Glu, mass tolerance of 300 ppm on
precursor ions, and 0.6 Da on the product ions. Identifications were
accepted taking three issues into account: significant MASCOT
scores, spectrum annotation, and expected migration on 2D gel
(Corbo et al. 2012). Individual ion scores > 41 indicate identity or
extensive homology (p < 0.05). Furthermore, individual MS/MS
spectra for peptides with a score of 41 were inspected manually and
included in the statistics only if a series of at least four continuous
y or b ions were observed.

Bioinformatic analysis of identified proteins

Proteins were analyzed with the Ingenuity Pathway Analysis
software 9.0 (IPA) (Ingenuity Systems, Inc. www.ingenuity.com).
Drawing on published, peer-reviewed reports, IPA constructs

networks of direct/indirect interactions between genes, proteins,
and endogenous molecules. These relationships include those that
occur as a result of disease and/or environmental input. The system
generates a set of networks and we selected 70 as the maximum
number of proteins per network. Each network is characterized by a
score (p < 0.05; Fisher’s exact test) and one or more biological
functions are assigned to it. The identified proteins were classified
according to the database for annotation, visualization and inte-
grated discovery (DAVID) 6.7 annotation system (http://david.abcc.
nciferf.gov). This tool adopts the Fisher’s exact test to measure the
protein enrichment in annotation terms. In case of a p < 0.05, a
protein would be considered strongly enriched in the annotation
categories. The proteomic data were integrated with the Human
Protein Atlas 11.0 database that contains information about protein
expression in standardized normal human tissues, cancers, and
in vitro cultured cell lines. To date, 18 707 antibodies have been
applied against the human proteome to examine the expression of
corresponding proteins in the Human Protein Atlas.

Western blotting analysis

Protein extracts (50 pg) from three independent replicates of the
control and of PKU mice were resolved on a 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis gel and then transferred
onto nitrocellulose membranes (GE Healthcare) by Mini trans-blot
electrophoresis transfer (Bio-Rad Laboratories, Hercules, CA,
USA). The membranes were blocked in 5% non-fat milk in
phosphate-buffered saline pH 7.5 for 2 h and incubated overnight at
4°C with 1% milk/phosphate-buffered saline pH 7.5 and 0.05%
tween containing specific antibodies. Mouse anti-DpysI2 (5 pg/mL,
Abnova, Taipei, Taiwan), anti-Syn2 (1 : 500, Abnova), anti-Glu2/3
(1 : 1000, Sigma-Aldrich), and anti-NR1 (1 : 1000, Upstate,
Merck, Millipore, KGaA, Darmstadt, Germany) were used for
western blot analysis. A mouse anti-Gapdh (Sigma-Aldrich) anti-
body was used as loading control, at a dilution of 1 : 5000.
Immunoblot detections were carried out using horseradish peroxi-
dase-conjugated anti-mouse (1 : 5000) secondary antibodies (GE
Healthcare). Immunoblots were detected using the enhanced
chemiluminescence-Advance western blotting detection kit (GE
Healthcare). The resulting western blot images were scanned by
PDquest 7.1 software (Bio-Rad). The protein band images on X-ray
films were acquired with the Chemidoc XRS system (Bio-Rad).
Band volumes were normalized using Gapdh as control, visualized
on the same film. Densitometric measurements were made with the
Quantity One 4.5 tool (Bio-Rad).

Statistical analysis

For 2D DIGE analysis, Student’s z-test was used to determine
protein spots that were significantly altered. For bioinformatic
analyses, Fisher’s exact test was used to assign the most significant
biological networks and processes. For all analyses, p < 0.05 was
considered statistically significant.

Results

Identification of differentially expressed proteins in the PKU
mouse brain

To gain insights into the cascade of events underlying the
pathogenesis of brain dysfunction in PKU, we measured the
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differential expression of mouse brain proteins from the HTZ
PKU mice (control) and homozygous PKU mice (PKU)
using 2D DIGE analysis. To increase the biological and
statistical significance of our results, we considered four
independent PKU brain extracts and four independent control
brain extracts. Approximately 3000 protein spots were
detected in each 2D gel. The image analysis revealed 64
statistically relevant (p < 0.05) and differentially expressed
protein spots with fold changes > 1.20 or < —1.20. Nineteen
spots were more highly expressed and 45 spots were less
expressed in the PKU mouse brains.

From two Sypro Ruby-stained preparative gels, one
obtained from the PKU lysates and the other from the
control extracts, we were able to match and pick 54 of the 64
differentially expressed protein spots, plus some unchanged
spots used as reference in the 2D gel. Figure 1 shows a
representative preparative 2D gel in which the excised spots
are circled in yellow. Among the 54 picked spots, 26 were
identified with the mass spectrometry/bioinformatic proce-
dure. Red numbers in Fig. 1 indicate over-expressed iden-
tified spots, whereas green numbers indicate under-expressed
identified spots in PKU mouse brains compared to control
mouse brains. From each of these excised spots we
identified only single protein species; we excluded spots
that contained two or more protein species that comigrated in
the 2D gel.

pI3 »pl 10

150 kDa

'

10 kDa X o 4

Fig. 1 Protein expression pattern of phenylketonuria (PKU) mouse
brain. Yellow circles indicate spots picked up from the heterozygous
PKU mouse brain (control) and homozygous PKU mouse brain (PKU)
gels. Red and green labels indicate over-expressed and under-
expressed species, respectively, identified in the control and PKU gels.
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Table 2 shows the spot number, fold change, p value, gene
symbol, gene ID, theoretical MW and pl, the Mascot score,
and number of processed peptides. The list is ranked from the
lowest fold change value to the highest. Most proteins were
identified by more than two peptide signals. In the case of the
four species identified by a single peptide, we inspected each
MS/MS spectrum manually (Figure S1).

Dihydropyrimidinase-related protein 2 (Dpysl2) and dihy-
dropyrimidinase-related protein 3 (Dpysl3) were under-
expressed in three spots (nos. 2845, 2981, and 2996) and
in two spots (nos. 3021 and 3020), respectively, both at the
expected molecular weight. M2-type pyruvate kinase (Pkm)
was detected in two spots (nos. 3131 and 3177), both under-
expressed, at the expected molecular weight. Creatine kinase
B-type (Ckb) was also detected in two spots, 3937 and 3936,
(fold change —1.73 and —1.57, respectively) suggesting
post-translational modifications. All the above-indicated
proteins are known phosphoproteins, which is why they
were identified in multiple spots from 2D gels.

In summary, we identified 21 differentially expressed
proteins in PKU mouse brains, four were over-expressed and
17 under-expressed.

Bioinformatic analysis

We analyzed the whole data set by means of bioinformatic
tools available on the net; our aims were: (i) to identify
relevant biological networks among the identified proteins;
(ii) to cluster the identified species into functional annotation
terms, and (iii) to evaluate the proteomic data in terms of
levels of annotated protein expression in the human CNS.

Biological networks analysis

The 21 differentially expressed proteins were analyzed using
the IPA software. IPA output revealed one high-score
multidirectional interaction network that was associated with
‘Cell Cycle, Carbohydrate Metabolism, Cell-To-Cell Signal-
ing, and Interaction’ (score = 55) (Fig. 2a). This network
contained several protein nodes (signal transducer and
activator of transcription-3, ubiquitin C, extracellular signal-
regulated kinases, epidermal growth factor receptor shown on
gray scale), directly or indirectly correlated with the 21
proteins we identified (Fig. 2a). The top biological function
listed in the IPA output was ‘neurological disorder’ defined by
13 of the 21 identified species. The main representative
neurological disorders, shown in Fig. 2b, were ‘disorder of
basal ganglia’ (p value 5.72E-08), ‘progressive motor neurop-
athy’ (p value 1.11E-06), ‘movement disorders’ (p value
1.69E-06), and ‘schizophrenia’ (p value 3.27E-06). Moreover,
IPA output showed that the top physiological system devel-
opment and function was the nervous system with the
following main representative neurological functions
(Fig. 2c¢): ‘neuritogenesis’ (p value 7.14E-07), ‘morphology
of nervous tissue’ (p value 1.88E-06), ‘morphogenesis of
neurites’ (p value 1.22E-05), ‘differentiation of neurons’

© 2014 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of
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Table 2 Differentially expressed proteins in the PKU mouse brain

Gene Mascot No. of peptides
Spotn. Fold® pvalue name Protein name Gene ID pl° Mw® score®  matched
3227 —-2.38 0.016 SYN2 Syn2 protein 42406392 8.59 63487 167 3
3157 —-2.32 0.03 INA alpha-internexin 148539957 5.35 55520 785 13
2845 —-1.94 0.017 DPYSL2  dihydropyrimidinase-related protein 2 (Ulip2) 40254595 5.95 62 638 929 14
3195 —-1.92 0.011 HSPD1 60 kDa heat-shock protein, mitochondrial 183396771 5.91 61088 696 12
3177 —-1.92 0.012 PKM M2-type pyruvate kinase 1405933 7.18 58 488 893 14
2199 —1.87 0.0097 ACO2 aconitate hydratase, mitochondrial precursor 18079339  8.08 86 151 445 9
3951 -1.85 0.020 ACTB beta-actin 49868 5.78 39446 283 5
3293 —1.81 0.0042 DLD dihydrolipoamide dehydrogenase 2078522 7.97 54 478 382 8
2667 —1.76 0.0099 ATP6V1A V-type proton ATPase catalytic subunit A 31560731 542 68625 670 13
4677 —-1.75 0.010 MDH1 cytosolic malate dehydrogenase 387129 6.16 36 625 204 4
3937 —1.73 0.0083 CKB creatine kinase B-type 10946574 540 42971 613 10
3131 —1.58 0.0047 PKM M2-type pyruvate kinase 387129 6.16 36 625 409 7
3936 —1.57 0.0049 CKB creatine kinase B-type 10946574  5.40 42971 454 7
5481 —1.53 0.0098 PGAM1 phosphoglycerate mutase 1 10179944 6.19 29033 95 2
2981 —1.36 0.045 DPYSL2  dihydropyrimidinase-related protein 1 (Ulip3) 2342488 7.00 62410 62 1
3642 —-1.35 0.049 ENO1 alpha-enolase 70794816  6.37 47 453 386 7
1778 —-1.32 0.062 DNM1 dynamin 1 123230377 6.59 97 803 226 4
3021 —1.28 0.0072 DPYSL3 dihydropyrimidinase-related protein 3 (Ulip1) 6681219 6.04 62296 119 2
2945 —-1.25 0.015 DPYSL4  dihydropyrimidinase-related protein 4 (Ulip4) 1945273 6.39 62388 165 3
2996 —-1.24 0.027 DPYSL2  dihydropyrimidinase-related protein 1 (Ulip3) 2342488 7.00 62410 242 4
2422 —1.24 0.021 NSF N-ethylmaleimide sensitive fusion 557878 6.52 83083 53 1
protein (SKD2)
3020 —1.21 0.0078 DPYSL3 dihydropyrimidinase-related protein 3 (Ulip1) 6681219 6.04 62296 56 1
3311 1.21 0.023 DARS Aspartyl-tRNA synthetase, cytoplasmic 21264011 6.07 57 537 95 2
3453 1.22 0.0054 SEPT11 Sept11 protein 38328220 6.36 49 219 51 1
3566 1.23 0.044 GDA guanine deaminase 6753960 536 51494 84 2
3567 1.30 0.033 GFAP glial fibrillary acidic protein 14193692 5.05 46 521 118 2

@Fold is the ratio between the protein expression level of homozygous PKU mouse brain (PKU) and the expression level of heterozygous PKU

mouse brain (control).
PTheoretical pl and MW.

°Protein score assigned by Mascot software is derived from ion scores that are —10 x Log (p), where p is the probability that the observed match is

a random event.

(p value 3.02E-05), ‘branching of neurites’ (p value 3.36E-05),
and ‘dendritic growth/branching’ (p value 1.42E-04). Finally,
the three top canonical pathways listed in the IPA output were
‘TCA cycle’ (p value 3.71E-06), ‘gluconeogenesis’ (p value
4.81E-06), and ‘glycolysis’ (p value 5.44E-06).

Functional annotation analysis

The identified proteins were functionally classified according
to the DAVID annotation system. As shown in Fig. 3, the
most significant biological processes were ‘glycolysis’
(p value 9.1E-04), ‘nucleoside binding’ (p value 1.3E-03),
‘cellular respiration” (p value 1.6E-03), and ‘cytoskeleton’
(p value 3.1E-02).

In silico analysis of protein expression levels in brain tissue
The expression levels in brain tissue of the 17 under-
expressed proteins were analyzed using the Human Protein
Atlas database, which provided information for all these

proteins except Syn2 and Pgam. As shown in Fig. 4, all
under-expressed proteins (with the sole exception of Hspd1)
were moderately expressed in the neuropil of the cerebral
cortex. Moreover, more than 80% of these proteins were
expressed to different degrees in neuronal cells of the
cerebral cortex, hippocampus, and lateral ventricle.

Validation of differentially expressed proteins

To verify the results obtained in differential proteomic
analysis, we evaluated the expression of selected identified
proteins by western blot analyses (Fig. 5a). Gapdh was used
as loading control of each sample. Western blotting showed
significant under-expression of Syn2 and Dpysl2 proteins
in PKU mouse brain compared to the control — a finding
that was confirmed by densitometric analysis (Fig. 5b). As
controls in the experiments reported in Fig. 5a and b,
we used both HTZ PKU mouse brain and WT mouse
brain. There were no significant differences between these

© 2014 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of
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Fig. 2 IPA analysis. (a) The proteins
identified were analyzed using the IPA
software. IPA output revealed one high-
score multidirectional interaction network
associated with ‘Cell Cycle, Carbohydrate
Metabolism, Cell-To-Cell Signaling, and
Interaction’ (score = 55). Red and green
proteins indicate over-expressed and
under-expressed proteins, respectively, in
homozygous phenylketonuria (PKU) mouse
brain. Direct interactions appear as a solid
line; indirect interactions appear as a dotted
line. (b) The four top neurological disorders
listed in the IPA output were ‘disorder of
basal ganglia’” (p value 5.72E-08),
‘progressive  motor neuropathy’ (p value
1.11E-06), ‘movement disorders’ (p value
1.69E-06), and ‘schizophrenia’ (p value
3.27E-06). Solid lines connect the involved
proteins to each neurological disorders. (c)
The top physiological system development
and function listed in the IPA output was
‘nervous system development and function’.
Solid lines connect the involved proteins
to the main representative neurological
functions: ‘neuritogenesis’ (p value 7.14E-
07), ‘morphology of nervous tissue’ (p value
1.88E-06), ‘morphogenesis of neurites’ (p-
value 1.22E-05), ‘differentiation of neurons’
(pvalue 3.02E-05), ‘branching of neurites’ (p
value 3.36E-05), and ‘dendritic growth/
branching’ (p value 1.42E-04).
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Fig. 3 DAVID functional annotation. The proteins identified were
classified using the DAVID annotation system. The Fisher's exact test
was used to determine the protein enrichment in annotation terms. The
functional categories are sorted by p value. The graph shows the
number of proteins within each functional category.

two types of controls, thereby indicating that the HTZ
PKU mouse behaves like the WT mouse, at least in this
context.

We also evaluated the protein levels of the Glu2/3
o-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor subunit and the NMDA receptor subunit
NRI1 in the control and PKU mouse brain extracts. Western
blot and densitometric analyses showed that the expressions
of the Glu2/3 and NRI1 receptor subunits were significantly
up-regulated in PKU mouse brain (Fig. 6a and b).

Discussion

If not treated in the early newborn period, PKU patients
develop severe neurologic dysfunctions, and cognitive and
behavioral deficiencies. The etiopathogenesis and the under-
lying molecular mechanisms of PKU are not fully under-
stood. Moreover, the dietary treatment of PKU patients is a
demanding challenge for clinicians because the recom-
mended blood Phe concentrations are difficult to maintain
over the long term. Hence, insight into the mechanisms by
which HPA causes neurological damage may improve
therapeutic strategies and suggest alternative protocols.

The advent of BTBR-PahEnu2, the PKU animal model,
opened the possibility of investigating PKU-associated brain
dysfunctions. In fact, BTBR-PahEnu2 mice are characterized
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CNS of the identified under-expressed
proteins using the Human Protein Atlas
database.
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Fig. 5 Representative western blot images of the selected identified
proteins. Total protein of wild-type (WT), heterozygous (HTZ PKU),
and homozygous (HMZ PKU) mouse brains were submitted to western
blot analysis (a) using Gapdh as loading control. (b) Densitometric
analysis of Syn2 and Dpysl2 expression of three independent
replicates. The y-axis shows the optical density of protein expression.
The results are shown as means + SD.

by biochemical and behavioral phenotypes that closely
resemble untreated human PKU. They are also characterized
by reduced enzymatic activity of phenylalanine hydroxylase
(Cerreto et al. 2012). Akin to other neurological diseases,
protein levels in PKU are more informative about physio-
pathological processes than the corresponding mRNA levels.
Therefore, we applied a differential proteomic approach in an
attempt to identify protein changes associated with brain
dysfunction in a well-characterized mouse model of PKU
(Martynyuk et al. 2010; Cerreto et al. 2012).

We measured protein expression levels in PKU-BTBR
mice and in the HTZ counterparts and identified 21
differentially expressed cerebral proteins, four of which were
over-expressed and 17 under-expressed.

The bioinformatic analysis of the identified protein data set
showed that about 60% of species are related to nervous
system development and functions (neuron differentiation
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Fig. 6 Expression of Glu2/3 and NR1 receptor subunits in PKU mouse
brain. (a) Representative western blot analyses of Glu2/3 and NR1
receptor subunits performed on total protein extracts of wild-type (WT),
heterozygous (HTZ PKU), and homozygous (HMZ PKU) mouse
brains; Gapdh was used as loading control. (b) Densitometric analysis
of Glu2/3 and NR1 receptor subunit expression performed on three
independent replicates. The y-axis shows the optical density of protein
expression. The results are shown as means + SD.

and dendritic growth/branching) and to neurological disor-
ders (progressive motor neuropathy and movement disor-
ders). Hence, our proteomic approach allowed us to identify
which proteins are related to neuronal survival and develop-
ment, and which are affected by HPA (Li et al. 2010).
Moreover, the neurological disorders identified by bioinfor-
matic analysis seem to reflect the PKU-induced cognitive
damage known to be associated with deficient functioning of
the frontal lobes (Moyle et al. 2007).

We also functionally classified the differentially expressed
proteins using two different bioinformatic tools. Interest-
ingly, both tools revealed that most of the identified proteins
are significantly associated with the oxidative metabolic
pathways (tricarboxylic acid cycle and glycolysis). These
data are in agreement with the decrease of cerebral glucose
metabolism previously reported in the PKU mouse model
(Qin and Smith 2007). It is noteworthy that decreased brain
glucose metabolism has also been observed in another
neurological disorder, i.e., Alzheimer’s disease (Cunnane
et al. 2011). Intriguingly, this finding suggests the possibility
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that because of reduced synaptic functionality and the
consequent reduced energy needs, it is the neurodegenerative
processes themselves that induce the decrease of brain
glucose metabolism.

In this scenario, our data correlate with the in vivo finding
of decreased pyruvate kinase activity and decreased energy
metabolism in PKU patients described by Pietz et al. 2003.
Indeed, we found that pyruvate kinase was significantly
under-expressed in PKU mouse brain, which reinforces the
similarity between the experimental model and the human
disease. Besides energy deficit, oxidative stress has been
implicated in PKU-related brain damage (Ercal e al. 2002;
Ribas et al. 2011). In particular, a Phe-restricted diet can
reduce endogenous antioxidants that, in addition to high
levels of Phe and its metabolites, may increase the formation
of reactive species, toward which the brain is very suscep-
tible. Therefore, the addition of antioxidants to current
therapy could help to prevent the oxidative stress which
probably contributes to cognitive impairment in PKU
patients (Ribas et al. 2011). In support of this issue, in the
PKU mouse brain, we found under-expression of three
oxidative-sensitive enzymes: Ckb, phosphoglycerate mutase
1 (Pgaml), and alpha-enolase (Enol). Interestingly, in
Alzheimer’s disease, the increased level of oxidative stress
compromises neuronal energy metabolism by causing dys-
function of these enzymes (Butterfield er al. 2006). In
particular, the decreased level of protein Ckb, observed in
brain regions of patients affected by Alzheimer’s disease, and
the consequent loss of Ckb function is a biochemical marker
of brain damage (Aksenov et al. 2000) that could also be
related to the oxidative stress observed in PKU.

To evaluate the potential of the identified proteins as
markers of neurological damage in human PKU, we
evaluated their expression levels in the CNS using the
Human Protein Atlas database. It is noteworthy that all
under-expressed proteins in PKU mouse brain were normally
expressed in the neuropil, which is the region of the human
cerebral cortex that contains the synaptic connections.

To investigate the proteins involved in neurological
damage in greater detail, we validated Syn2 and Dpysl2,
two of the most strikingly under-expressed proteins in the
PKU mouse brain. Syn2 belongs to a family of neuron-
specific phosphoproteins associated with the membranes of
synaptic vesicles. It plays an important role during neuronal
development because it participates in the formation and
maintenance of synaptic contacts among central neurons
(Ferreira and Paganoni 2002). Syn2 is a multifunctional
protein that regulates the pre-synaptic terminal that controls
the number of vesicles available. Interestingly, lack of Syn2
leads to a reduction in the density of synaptic vesicle proteins
in nerve terminals and, hence, to severe synaptic depression
which, in turn, produces an epileptic phenotype (Rosahl
et al. 1995; Fornasiero et al. 2012). Moreover, Syn2 is
implicated in the modulation of neurotransmitter release

(Ferreira and Rapoport 2002; Bogen er al. 2011) in a
phosphorylation-dependent manner (Hilfiker ez al. 2005). In
fact, in Syn2 knockout mice, the expression of the vesicular
glutamate transporters was greatly reduced, whereas GABA
was greatly increased in the spinal cord after nerve injury.
These altered expressions contribute to the onset of neuro-
pathic pain thereby suggesting that Syn2 is involved in the
regulation of glutamate and GABA release (Schmidtko et al.
2008). Here, we report the first experimental evidence of a
significant reduction of Syn2 protein level in the brain of the
PKU mouse model. Syn2 under-expression could be related
to the reduction in synaptic density, neurotransmission
depletion, and white matter abnormalities observed in both
PKU patients and mice in the presence of elevated brain
concentrations of Phe (Horster et al. 2006; Anderson et al.
2007; van Spronsen et al. 2009).

Among the under-expressed proteins we identified, DpysI2
reduction could be associated with the processes underlying
PKU brain dysfunction, namely, decreased synaptic plasticity
and decreased axonal outgrowth (van Spronsen et al. 2009).
In fact, Dpysl2 belongs to a family of collapsin mediator
proteins that facilitate neuron guidance, and induce axons of
hippocampal neurons (Goshima et al. 1995; Inagaki et al.
2001). Dpysl2 is a component of semaphorin signaling in
neurons (Deo et al. 2004) and plays a role in synaptic
signaling by interacting with calcium channels. In particular,
a functional proteomic study identified Dpysl2 as a protein
interactor of the N-type presynaptic Ca®* channel (CaV2.2)
that is required for neurotransmitter release (Brittain et al.
2009). These proteins colocalize within pre-synaptic sites in
hippocampal neurons where, interestingly, Dpysl2 over-
expression elicits a significant increase in Ca** channel
current density and in glutamate release. Accordingly, these
stimulated effects are abolished in Dpysl2 knockdown. Thus,
it is conceivable that the under-expression of Dpysl2 in PKU
may affect the Ca** channel current density in a CaV2.2-
dependent manner. In fact, down-regulation of CaV2.2 is
implicated in the severe brain function damage in PKU
(Dzhura et al. 1998; Qin and Smith 2007). Moreover,
destabilization of Ca** channel function is the key factor
driving synaptic dysfunction associated, in turn, with cogni-
tive impairment in several neurodegenerative conditions
(Chakroborty et al. 2012).

Also Dpysl3 and Dpysl4 were under-expressed in our data
set. These proteins are collapsin-mediator proteins that form
homo- and hetero-tetramers and facilitate neuron guidance,
growth, and polarity. Interestingly, long-term potentiation,
spatial learning, and memory were affected in Dpysl4 and
Dpysll knock-out mice, which suggests that Dpysls proteins
play a role in neurotransmission and synaptogenesis (Su
et al. 2007; Quach et al. 2008). Accordingly, the under-
expression of these proteins may contribute to the severe
behavioral phenotype observed in PKU mice in terms of
spatial learning deficit and impaired long-term potentiation
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(Cerreto et al. 2012). In this context, there is a strong
correlation between the behavioral phenotype and the
biochemical phenotype of the PKU mouse model. Depressed
glutamatergic synaptic transmission in PKU, in fact, may be
related to the cognitive deficit. In particular, impairment of
glutamatergic synaptic transmission has been reported to
induce differential expression of NMDA and AMPA receptor
subunits (Martynyuk et al. 2005; Cerreto et al. 2012). These
alterations may underlie the deficits in hippocampal long-term
potentiation and spatial learning observed in PKU mice.
Accordingly, we found that Glu2/3 and NR1 receptor subunits
are significantly over-expressed in PKU mouse brain.

In conclusion, we demonstrate that several cerebral proteins
are significantly under-expressed in the PKU mouse model.
From the functional classification of these proteins, we
identified proteins that are involved in metabolic processes,
mainly glycolysis and the tricarboxylic acid cycle. Further-
more, the reduction of proteins Syn2 and Dpysl2 may result in
decreased synaptic plasticity as well as in decreased axonal
outgrowth. Moreover, by confirming the over-expression of
the NMDA and AMPA receptor subunits — considered to be
the substrates for learning and memory — the alteration at the
level of these proteins appears to be relevant also to the overall
homeostasis of brain functions. Our results indicating that
brain damage in PKU depends also on reduced expression of
proteins reinforce the concept of alteration in synaptic function
and glutamatergic transmission in this disease.
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